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PARTIAL STERILISATION OF SOIL 
BY ANTISEPTICS. 

By (Mrs) ANNIE MATTHEWS, M.Sc. (A. Isgrove.) 

(Formerly W. B. Randall Research Student at the Rothamsted 
Exj)eriniental Station, Harpenden.) 

Introduction. 

The work described in this paper has been carried out at Rothamsted 
during the years ] 918-21, and was undertaken in direct continuation of 
earlier work on l^artial Sterilisation of Soil, begun by Russell and 
Hutchinson ( 2 , 3 ) and carried on by Biiddin(r;). 

Ck)niparison of tlie influence of various cheniicals on soil organisms 
has led to coiudusions which differ from those advanced by the authors 
mentioned above and are somewhat simpler. 

Russell and Hutchinson ( 2 , 3 ), after experiments on field soils of varying 
richness with a water content of 15-19 per cent., supplemented to some 
extent by experinunts on rich greenhouse soils, advanced a most inter- 
esting theory. This Partial vSterilisation theory is briefly as follows. 
The bacteria in the soil are kept in check by the protozoa which share 
their environment. Could the protozoa by some suitable means be 
eliminated, then the bacterial numbers would inevitably rise, and in 
consequence the fertility of the soil would be improved. 

They demonstrated rises of the number of bacteria after treating 
soil with toluene, carbon bisulpliide and steam, and showed that the 
fertility of the treated soil was imudi increased while the anunonia and 
nitrate content was heightened, these effects being always obtained at 
a dose which also caused the death of the larger protozoa. 

The greater part of the work now described was done on rich soil 
from cucumber and tomato houses, the moisture of which is very high — 
varying from 32 to 42 per cent. There is also a very high nitrate content, 
300 to 700 parts per million of nitric nitrogen against 10 to 4:0 in field 
soils. The addition of various chemicals to these soils causes high rises 
in bacterial numbers, whetlier the whole of the dose is left in the bottle, 
or whether (in the case of a volatile chemical) it is later allowed to escape 
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2 Partial StcrilimMou of Soil hy A ntiseptic^ 

by spreading the soil out in a thin layer (Russell and Hutchinson Method). 
Similar rises follow in field soil, but the time taken to produce a given 
effect is far longer. 

The results obtained for greenhouse soils indicate clearly that such 
rises are for a limited period only, and of the nature of a temporary 
disturbance of equilibrium among the bacterial population. The bacterial 
numbers rise to a maximum and then slowly fall again, and there is good 
reason to suppose that they return to the original control numbers. The 
decline is often very long drawn out with the higher doses; e.g, using 
cucumber soil, the Mj\i) and il//5() doses of benzene and toluene cause 
bacterial rises which remain high above the normal level even after 
190-250 days, although gradually and continuously falling (Figs. 1 and 7). 

As mentioned, tlie time occupied by similar rises and falls in field soil 
is much longer, and so when Russell and Hutchinson found rises lasting 
for many months they considered them permanent, and owing to the 
removal of detrimental protozoa. 

Examination of tJie graphs of bacterial numbers accompanying this 
paj)er will show that a large part, if not all, of the increase is only 
transient, and that the fall is due to the exhaustion of the chemical on 
which the bacteria have been feeding and possibly of the products of 
their activity in the soiR. 

Methods Employed. 

The method employed by Russell and Hutchinson and later by 
Buddin was as follows(2, :\) : 

(1) The soil was mixed with the desired dose and kept in a corked 
bottle for a definite time — usually 48 hours. 

(2) Then it was spread out on sterile paper and lightly covered with 
another sheet so that the antiseptic if volatile could escape. (This would 
permit infection and compheations due to alteration in moisture con- 
tent, etc.). 

(3) After an arbitrary interval, usually 24 hours, ending when such 
a chemical as toluene ceased to smell, the soil was returned to the bottle, 
re-moistened, and left for many days with a cotton-wool stopper re- 
placing the cork to ensure free interchange of air. 

(4) Bacteria] counts were then made, at somewhat long intervals 

When tlie bacterial numbers obtained by Russell and Hutchinson by adding toluene 
to bottles of soil, and making counts at intervals for .500 days are plotted against the 
untreated soil numbers, it is quite obvious that the curve agrees with the curves accom- 
panying this paper. Due regard must of course be paid to the slow rate of change in field 
soils. The curve is largely a record of the slow utilisation of toluene. 
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for it was believed that the whole of the antiseptic had evaporated. 
Absence of smell, however, is no proof that there was not left in the soil 
after airing a certain amount of adsorbed toluene as well as oxidation 
products of toluene, since spreading out in a thin layer would facilitate 
any oxidation that was progressing. It is to the slow utilisation of these 
products in soil that the bacterial rises obtained when antiseptics are 
added must now in very great part be attributed. There may also be 
some rise comparable with that caused by steam, lime ( 4 ) or dry heat 
where stores of food not hitherto available are rendered soluble, and again 
some slight further rise may occur owing to bacteria feeding on dead 
protozoa. 

The utilisation of such compounds as vanillin (ii), cumarin, alcohol, 
pyridin, cresol(C)) and sugar ( 13 ) by bacteria is by no means a new idea, 
though it may at first seem rather surprising for such a series as the 
aromatic hydrocarbons. Yet a careful study of the graphs accompanying 
this paper leaves no alternative way of considering the matter. 

The earlier work done for the present paper was carried out by the 
Russell-IIutchinson method, but presently it was realised that experi- 
mental data so gathered allowed of no comparison between volatile and 
non-volatile antiseptics. Bacterial numbers obtained in the latter case 
were attained in the presence of a known administered dose of chemical, 
but in the former were yielded by an indefinite amount of reagent and 
may be due partly to a residue left in the soil and partly to the effect 
of the whole dose while present. With the less volatile substances airing 
will produce an effect intermediate between such extreme cases as 
benzene and lime, and it will alter with the volatility of the reagent. 
Therefore a fresh series of experiments was made wherein the antiseptics 
were left in the soil, and comparative work thus being rendered possible 
new light was rapidly thrown on the whole question. Comparison was 
also faciUtated by adopting Buddin’s method (C) of adding the compounds 
in definite fractions of a molecular weight per kilogram of dry soil. 

Molecular weight Molecular weight , Molecular weight , 

K) ’ 5(. ■ - per kilo, 

or shortly Af/10, 71//50 and il//100 were the doses usually employed. 

Unfortunately the bacterial estimations made by Russell and Hutchin- 
son and Buddin were not frequent enough, as subsequent investigation 
proved, to represent the whole course of events after adding the reagent. 
Many high rises and steep falls are very quickly over, and may be missed 
entirely during an interval of ten days or less between two successive 
counts. Thus the bacterial graph will be faulty and inadequate, for any 

1—2 
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two points on tlie curve may give no hint as to the true course of the 
line joining them. 

As soon as an attempt was made to compare the graphs of bacterial 
rises caused by adding the aromatic hydrocarbons, it was plain that the 
same soil should be used throughout all such experiments, and that 
counts should be made at equal intervals of time. As the numbers in 
the control soils themselves varied between 30 and 150 million bacteria 
per gram of dry soil, it was only possible to compare graphs of different 
compounds by plotting the difference between the numbers in treated 
and untreated soil, instead of the actual numbers (Figs. 18 and 19). 

The work of Hiltner and Str)rmcr (i ) and of Greig Smith (s, 9) was found 
very helpful in explaining the results now presented. Study of tJie gelatin 
plates obtained with different reagents and at different doses of the same 
reagent strongly supi)orts the views of Hiltner and Stormer. They believe 
that on adding carbon bisulphide to soil unequal retardation is caused 
in the growtJi of the difl’erent groups of bacteria, some groups becoming 
disj)rop()rtionately prominent, and others almost entirely suppressed. 
Speaking generally of tlie various substances treated in this paper, tlie 
disturbance wliich leads to screening or even supj)ression of some bacteria 
and abnormal preponderance of otliers sooner or later wanes, and ends. 
Specific; bac'teria.do seem to attack s]>ecilic substances or groups of 
substances, the number of specues decreasing as the dose rises, whereas 
within (;ertain limits tlie numbc;rs a-ttainc^d by any one spcicies go up. 
Wlien the reagent has been destroyed, and the numbers return to normal, 
in many cases all the normal soil species are still present (c.r/. in the; case 
of benzene and naphthalene), so that few or no types have actually died. 
In other cases the general type has changed, and some bacteria have 
permanently disappeared as though killed by the chemical (e,g. cdilordi- 
nitrobenzene). 

There is not a sharp “lock and key” effect of one specific bacterium 
which is alone able to attack one specific substance; the specialisation 
is far less narrow. Very similar bacteria appear to flourish on (or with- 
stand) pinene, naphthalene and pseudocumene for instance — Bacillus 
Uquej'a.cieMs being very prominent among these, as there seem very few 
substances that this resistant bacterium will not attack or tolerate. 

Hiltner and Stormer also suggested that the rapid increase in bacterial 
numbers would be followed by a more intense transformation of plant 
food substances, and that by decomposition and fixation processes, an 
accumulation of readily available nitrogen compounds would be brought 
about, which could be utilised by the crops. Their work furnishes a clue 
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to the real cause of the bacterial rises hitherto attributed to Partial 
Sterilisation. 

Greig Smith (8) found that when the Kussell-Hutchinson method was 
used all the antiseptic applied was not removed in such cases as that of 
chloroform. He considers that traces remain which can themselves 
stimulate bacterial development. In a further paper dealin^z; with the 
action of toluene (9) he states that the water content of the soil modifies 
its effect on the protozoa. Even 20 per cent, tolmme is unable to kill 
them if the soil is less than one-tenth saturated with water, whereas 
1-2 per cent, will kill ciliates but act irre<^ularly on amoebae and fla‘j:ellates 
if the soil is more than one-tenth saturated. These facts are probably 
linked up with the presence of the protozoa as spores or otherwise when 
the toluene is added. With his opinion as to the irregular action of 
toluene (and other antiseptics) on amoebae the writer heartily concurs. 
For ri(;h cucumber soil higher doses of a reagent are always necessary 
to kill protozoa, than when the poorer field soils are used, as though 
the high organic content acts as a buffer and hinders the effectiveness 
of the cliemicaH. 

It is to be clearly understood that the present paper does not in any 
way dispute the facts presented by Russell and Hutchinson but views 
them from a different standpoint. Their improvements in crop results 
may be caused by ammonia and nitrate elaborated by the particular 
groups of bacteria which any specific reagent favours, and not only by the 
elimination of any detriaicnlal factor. Or again, imjirovemcnt of crop may 
result from more rapid maturing of the soil(io) since the wave of dis- 
turbance in tlie bacterial content may cause specially rapid breaking 
down of plant residues, etc. 

Hearty thanks are due to Mr Tattersfield, Organic Chemist at 
Rothamsted, for his constant and kindly encouragement during the 
progress of this work. 

^ The aceorapanyin^T table shows that higher doses of reagents arc necessary to kill 
amoebae in eueuinber soil than in held soil. The doses in field soil are quoted from Buddin’s 
paxjcr. 

Toxic dose to amoebae 

(’hemical Field soil (Buddin) 

0. cresol A//50 

Toluene J1//200 

Benzene M/50 

Formaldehyde ... M/lOO 


(Aie umber soil 
M/2 
M/iO 
M/\0 
M/50 
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Partial SteriUmtion of Soil hy Antiseptics 

Part I. 

Description of the effect on soil organisms when various reagents are 
added to soil, together with changes in the ammonia and nitrate content. 

Table I is a full list of the reagents tested by the writer, but complete 
description of all tliese would make the paper unwieldy and the cost of 
production prohibitive and therefore detailed discussion has been con- 
fined to the following substances: 

Benzene Toluene Carbon disulphide 

Naphthalene Xylene Phenol 

Hexane Formaldehyde Cresol 

Benzene and naphthalene will first be discussed as typical examples. 
They were examined for their effect on field and cucumber soil kept in 
corked bottles, and benzene also for its effect on cucumber soil when the 
experiment was carried out in the Russell-Hutchinson way. A very marked 
difference was found according to the method used. In the latter case 
benzene did not give any very high bacterial numbers, 408 million being 
the highest count obtained during the 62 days of the experiment, while 
a level of 3080 millions was reached by the 71st day when the same 
dose of benzene was allowed to remain in the soil. 




Aromatic compounds 


A. Mattiikws 


7 


I § ^ 

kJ 

O) 

a 

I— I OQ H-l 


rr- fjo O; 


® S o ^ 

o ^ ^ o 


OK 


O ^’ 5 ^ S'P^g^w S w K”g 
^1 ^o o 5o o o o o 


^ w 

^ o 

N rr 1__| « 

<M c, « W 5 ^. K 

^5 5 ^ s ooS;^^^50g'f^599999 

KM";^ K ®o 55555 ?KK W^Ktirc^^ 
ooo o ooo’cJToocJood'oooood'o 


• cl C3 C3 S 

o a> o) i3»> a-> cl 

<v <i> C G C ^ 

cl KJ a' Qi '!> o 

GsjGa>OOtl'l^ 
a:>c3<i'rJOsH(-.®*G 5i— < 

(X> O "t^ "tJ -G ^ -2 

3 £ -£ g S g .s o -I _ J § 

H^o-S-S-g-g^ § 

* o 'f^J:;Q-GC' go E cn 

-•OO/^ S oOJ^QPnOP-tO^ 


i§ 54 « 

I o 0^0 

go 54 J^^WO'K 

p W 9 s s; Sr-" « 9 ^^'^o 52 ; 

(-h’K K K K O K HH’t-H’sT'^ 

WoooooooooK^i^o 


§s »3 i 


S-aa^' SS a'o' 


Dichlorcresol R C8H2Cl2.CH3.OH CI2CH3OH R Indicates that experiments 

Anilin R CgHj.NHg NHg were carried out by the RusselJ- 

p-Nitranilin C6H4.NO2.NH2 NO2.NH2 Hutchinson method alone. 
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Partial Sterilisation of Soil hij Antiseptics 

Benzene. Formula CVIg. Molecular weight 78. Heat of combustion 
800. Density -879. Boiling point 80-3(5” C. Vapour pressure 74-7 mm. 
at 20° 0. 


2000 U 



0 lii 30 45 60 75 90 105 120 135 150 165 180 195 210 

Dm Vs 

Fig. 2. Field soil trc;ai(‘d with benzene, not aired off; 14-G % moisture. 

Bacterial numbers per gram of dry soil. 

Exj), 1. Tomato house soil of 26*7 per cent, moisture was used. The 
7l//I0(), MjbO and MjM) doses of benzene were left in the soil for three days, 
the cork being by no means air-tight. Then bacterial counts were made, 
demonstrating the effect of the full dose added less any that escaped 
owing to volatility. Then the soil was spread out overnight in a thin 
layer on paper, returned to the bottle, and made up to the original 
moisture content to correct loss by evaporation; cotton-wool stoppers 
were now fitted instead of corks. 

Table II. Benzene. Tomato house soil. Russell- Hutchinson method. 


Millions of bacteria present Other organisms 

Grams of chemical per gram dry soil after present after 

added per kilo ^ , ^ ^ Protozoa 


of dry soil 

3 days 

37 days 

02 days 

3 days 

37 days 

02 days 

present 

Untreated 

0 

58-5 

95(i 

70-5 

Fungi, 
eel worm 

Fungi, 
eel worm 

Fungi, 

eelworm 

F.C.Am.* 

if/lOO 

0-78 

55-7 

90-3 

94-7 

do. 

do. 

do. 

do. 


1 5G 

71-7 

90-7 

100-8 

Fungi, few 
cel worm 

Fungi 

Fungi, 

eelworm 

do. 


7-8 

15-3 

408-0 

379-0 

Fungi 

cut 

down 

Fungi 

cut 

down 

Fungi Many F., 
cut some small 
down amoebae 


Parts per million of l^arts per million of Parts per million of nitrate 

nitrate present after ammonia j)re8ent after and ammonia present after 


Soil 

3 days 

37 days 

62 days 

3 days 

37 days 

02 days 

3 days 

37 days 

62 days 

Untreated 305 1 

349 

328 

2-8 1 

2-0 

1-8 

307-8 

351-0 

329-8 

ilf/100 

321 

375 

352 

7-2 

0-7 

2-4 

328-2 

375-7 

354-4 

ilf/50 

281 

364 

324 

19-3 

1-2 

1-8 

300-3 

365-2 

325-8 

ilf/10 

286 

309 

290 

18-6 

110-7 

1170 

304-6 

419-7 

407-0 


* Am. —Amoebae. F. — Flagellates. C. =Ciliate8 as observed in hay infusion, at each 
bacterial count. ^ J See footnotes 1 and 2 on opposite page. 
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Reference to Table II shows that little rise in jiiiinbers occurs at 
the ilf/50 and ilf/100 doses, but a most marked effect at the ilf/10 dose. 
This causes first a sharp drop in numbers, followed by a fairly hi^h and 
sustained rise, and thus the graph of the effect caused by M/IO is what 
Russell and Hutchinson considered typical of the course of true Partial 
Sterihsation. 

Another way of interpreting the results would seem to be as follows. 
Benzene being very volatile can under the Russell-Hutchinson conditions 
cause no rise with small doses like ilf/50 and ilf/100. But enough remains 
in the soil from the ilf/10 dose to produce a sustained rise, the dose being 
drastic enough to cause an initial depression. During the 24 hours the 
soil is spread out, and later when cotton-wool stoppers allow free access 
of air, the benzene remaining in the soil is oxidised and provides energy 
which results in a heightened bacterial population. The rise in numbers 
is accompanied by a high rise in ammonia— to 120 parts per million. 

At A//10 the nitrated + ammonia ^ content of the soil rises about 
70 parts per million by the 37th day, the rise being sustained until the 
G2nd day at least, so that undoubtedly the effect of treatment with the 
Af/lO dose of benzene is to increase the amount of readily available 
nitrogen, during the period the experiment covers. 

Protozoa as determined by the 1 per cent, liay infusion method (Tu) are 
modified by the df/lO dose, flagellates and some amoebae alone surviving. 

Exp, 2. \h*ry different results are obtained if the doses are left in 
contact with the soil. In the case of cucumber soil (Fig. 1) the numbers 
rise at the df/100 dose from GO to 560 million in 14 days, and to 660 
million at ilf/50 dose. The rise is purely temporary and no doubt associated 
with the disappearance of the benzene of which tliere is no longer any 
smell, and by the 34th day the numbers have dropped again. This drop 
continues at a much slower rate until the 120th day, when the types 
and numbers of bacteria on the gelatin plates are once again very like 
those of the untreated soil, indicating that the w^ave of disturbance among 
the soil population is at an end and equilibrium re-established, ilf/10 

^ Mr I). J. Matthews, formerly of llothamstcd, also determined nitric nitrogen in parts 
per million, by a new method worked out on material provided by these experiments. 
The paper (17) is at present in course of preparation and will be published shortly 

“ Ammoniacal nitrogen was determined by Mr 1). J. Matthews by the aeration method 
he described in a recent number of the Journal of Agricultural Science (!<>). The method 
was worked out during these investigations, so that figures arc wanting for experiments 
with many reagents. Nitric and ammoniacal nitrogen data were only determined in the 
case of experiments by the Russell-Hutchinson method. Much useful information as to 
the ammonia and nitrate variations when the full dose of a volatile substance is left in 
the soil is therefore lacking. 
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in an ordinary corked quart bottle causes an initial depression in numbers 
which by the 14th day gives way to a rise of 300 million. Further steady 
rises in the bacterial population bring it to 3100 million on the 71st day 
while all smell of benzene is gone by the 34th day. From this high level 
the numbers slowly fall, much more slowly than they rose, as is found to 
be the general rule. Such a slowing down is no doubt due to the greatly 
increased amount of broken down plant remains, resulting from the 
activity of the abnormally heiglitened bacterial population. The numbers 
in this soil remain at 410 million above control even on the 24Gth day, 
though undoubtedly declining, as the graph shows. A striking proportion 
of these consists of the brown Streptococcus, the same fact holding for 
Tli/lO toluene when the numbers are again nearing control. 

Hence as a direct or indirect result of supplying potential energy in 
the form of benzene the population is far above normal at the M/IO dose 
after 250 days. 

Exp. 2 a. When field soil is used (Fig. 2), all doses at first depress 
the bacteria, a rise following on the 18th day at the M/100 dose, and not 
till after the 41st day with the Mj50 dose. Thus the rises are very slow 
compared with those in the lighter and better aerated cucumber soiH, but 
the numbers remain high much longer, standing at 340 and 400 millions 
respectively above control from about the 75th to tlie 165th days, instead 
of being back at the level of untreated soil as is the case with cucumber 
soil. Again, the smell of benzene persists for at least 41 days with the 
two weaker and 165 days at the M/IO dose, instead of rapidly disappearing 
as with cucumber soil. 

M/lO keeps the numbers below control for 57 days, when a very slow 
rise begins which even on the 195th day has only reached about 70 
million above control. 

^ Greenhouse soils contain much more moisture, potash, nitrogen and phosphate than 
do field soils. To test whether an increase of these constituents would lead to quicker 
utilisation of the benzene and toluene in field soils and so make the rate of bacterial multi- 
plication more like that of a cucumber soil, potassium nitrate and superphosphate were 
added along with 6 per cent, additional moisture. 

Four bottles were put up: 

(a) 6 per cent, moisture added. 

W 6 »» >f + inorganic salts. 

(^) ® »» ff + „ -f M/100 benzene 

^ » » + „ -i-i//100 toluene 

The numbers in (a) and (h) remained alike during the 45 days of the experiment. The 
rate of rise induced by benzene was much more like that of cucumber soil, but the same 
did not hold for toluene. Y et as it could be altered for benzene it may be that the inorganic 
salts present control the rate of multiplication to some extent, although the total surface 
exposed to air is probably the prime factor. 
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This detailed description emphasises how slowly things move in field 
soil, and makes it easy to explain a rise of 40 million above control on 
the 500th day as described by Russell and Hutchinson for toluene. 
Enduring so long, it might easily be mistaken for a permanent heightening 
of the bacterial population, and only the full series of experiments now 
presented makes it obvious that their bacterial counts were undoubtedly 
made on the declining side of a wave of bacterial disturbance. This was 
occasioned largely by energy supplied as toluene left in the soil even 
after airing overnight. 

Naturally the dose has to be large enough to leave sufficient residue 
of toluene after airing, or big rises in numbers cannot follow. These 
doses Russell and Hutchinson picked out as “Partial Sterilisation doses,’' 
but in addition to any eftect due to the killing of protozoa a feeding 
efiect on the bacteria has probably been a large factor in the experiment. 

Turning now to several interesting special cases : 

1. Effect of hermetically seahng up Mj\0 benzene with 100 grams 
of cucumber soil, in a flask of about Pff litres capacity. Here two 
modifications of ordinary practice are introduced : 

{a) the benzene is prevented from volatilising away; 

[h) a very limited air supply is permitted, so that oxidation is 
seriously hampered. 

As a result the bacterial numbers in the treated soil remain below the 
untreated level for more than 42 days. Opening a sealed flask on tlie 
17th day ^ results in a quick rise in numbers which takes place even more 
rapidly than in ordinary corked bottles. 

2. Effect of opening a corked bottle twice (Fig. 1). Four sets of 
bottles are usually made, so that the bacterial changes caused by the 
M/10, M/50 and M/100 doses can be estimated four separate times, on 
hitherto unexamined soil. But a fresh atmosphere enters each time the 
cork is removed (and a httle benzene is lost). Tliis new supply of oxygen 
makes a serious difference as it accelerates oxidation, and results in a 
still quicker rise in numbers. Fig. 1 illustrates this; the numbers in 
M/10, set 3, have only reached 1580 million on the 34th day, but in 
M/10 set 2, twice opened, they stand at 2680 million by the 26th day, 
since quicker oxidation favours quicker multiphcation. 

These two special cases emphasise the fact that the whole question 

^ When the sealed flask was opened on the 17th day there was still a very strong ben- 
zene smell, but underlying it was a distinct smell like butyric acid. The same smell turned 
up with the MjlQ dose of toluene in corked bottles, on the 34th day, underlying the smell 
of toluene. 
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of the rise in bacterial numbers, when the soil population is disturbed 
by the introduction of a new source of energy, is knitted up with the 
oxygen supply and can be controlled through this factor. Many deter- 
minations have necessarily been made from the fourth set of bottles in 
these experiments, the number of sets being far too small for all the 
counts made. In such cases the bacterial determinations must be accepted 
with caution. They can only illustrate the numbers given by the ultimate 
oxidation of the reagent supplied, and they make the energy appear 
available much quicker than it really is. In other words, the rate of 
bacterial (diange is unnaturally accelerated by repeatedly opening the 
same bottle instead of using an unopened bottle every time. Still the 
estimations so made do indi(*ate the final fall in numbers, and make it 
possible to get fairly complete results in a reasonable period of time. 

8. A new series of rubber stoppered bottles was put up, and the 
cucumber soil treated with M/10 benzene in each case. Lead paper 
covers were added to jjrotect the stoppers from the benzene, and con- 
sequently the bacterial numbers in the various bottles jumped up and 
down in a see-saw manner when the contents were estimated from time 
to time and a curve plotted. This was undoubtedly owing to irregularity 
in the air supply caused by bad fitting of the lead foil, and possibly also 
to the escape of benzene owing to volatility. 

4. The M/5() bottle in series 3 of field soils treated with benzene, 
had its cork replaced for six days by cotton-wool on the 50th day of 
the experiments. This arrangement, ensuring free oxidation, resulted in 
an enormous rise in bacteria— from 50 million to 1420 million in the 
following six days (Fig. 2). This is just another case of controlling the 
rate of oxidation and availability of the benzene by regulating the air 
supply. Similar treatment of the M/10 bottle, series 3, had much less 
striking results, as this dose is so drastic in action and but slowly utilised 
in field soil. Luring the next 110 days a rise to 160 million was the 
highest recorded, the cork stopper again replacing the cotton-wool after 
six days as in the M/50 bottle. The slowness of the utilisation of benzene 
in field soil is undoubtedly due to relatively bad aeration. The rate of 
change is quick in the very light and well aired cucumber house soils. 

Action of benzene on j)roiozoa. Leterminations were made, using 
M/10, M/50 and M/IOO benzene on a tomato house soil of 26-7 per cent, 
moisture, and on cucumber soil of 48 per cent, moisture. When the 
experiment was made on the former in the Russell-Hutchinson way hay 
infusion cultures showed no effect on protozoa except at the M/IO dose 
(Table II). Here all ciliates were killed, and all but a few very small 
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amoebae disappeared. But when the benzene was left in contact with 
cucunjber soil for a long time, a diflerent eflect was found. Two separate 
tests were m«adc, one in August, and another in December. In August 
the Mj\{) dose had been in the soil for 26 days, and in December for 20 
days. The mixing may have differed in thoroughness in the two experi- 
ments, but certainly the December bottle was well shaken at frequent 
intervals. Fig. 1 shows that 20-26 days after adding Ti/10 benzene the 
bacterial numbers stand at 700-1100 millions per gram. Many flagellates, 
12 trophic ciliates and 750 trophic amoebae were found per gram in 
August, while flagellates alone were found in December, so that as (Ireig 
Smith states about toluene, the action on amoebae is irregular. However 
all three experiments agree in proving that J//10 is tlic first dose to cut 
down protozoa drastically, but apparently the a(*tion is influenced by 
the length of time the reagent is in, and the thoroughness of the mixing. 
In the December ex])(‘riment the trophic ciliates were cut down to half 
by the di/100 dose and to a (piarter by the il//50 dose, wliile the latter 
also cut down the tro])hic amoebae. 

To some extent then the enorjnous rises in bacterial numbers in the 
case of benzene, go hand in hand witJi a progressive cutting down of 
the amoebae and ciliates, yet the mass of evidema^ in this paper suggests 
that tlie effect on protozoa is very probably not the only factor but 
rather an expression of the increased toxicity of rising doses. 

This increasing toxicity is shown also in the action of l)eiiz(‘ne on 
fungi and free-liviiig eelworm^ when the ex])eriment is carried out in 
the less drastic Russell- Hutchinson method. 

Table 11 shows that the eel worn i are cut down by the d//5() dose 
but eliminated by di/10. Fungi, always much more resistant, are merely 
cut down to some extent by di/10. 

Naphthalene. Formula Ch^Hg. Molecular weiglit 128. Heat of 
combustion 1235. Vapour pressure 0*195mm. at 35"'C., 0*06 mm. at 20'’ C. 

Tliis aromatic hydrocarbon, (xuisisting of a double benzene ring, will 
be described next, because it presents many interesting features which 
throw^ light on the utilisation of energy when provided in tlie form of 
hydrocarbons or their derivatives. 

^ The tests for fungi and eelworin were made on ])(>(ato agai- and glucose agar plates. 
Nine days were allowed at for the appearance of these organisms, and non-appearance 

in this time taken to signify rleatli or at least inhibition. Tlie i1//10 benzene visibly lessens 
the fungus growth on a nutrient agar plate, comjiared with the untreated soil, and 
eliminates all eelworm. ^'liese tests are really qualitative, and only roughly quantitative, 
a measured spoonful of soil bt'ing taken each time. Still the ditltTences between tin; effects 
of different doses are so striking as to be worth recording. 
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Table III. Exp. 2. Benzene. Cucumber soil of moisture. 


Grams of chemicals 

Million bacteria present per gram of dry soil after 


dry soil 

3 days 

14 days 

26 days 

34 days 

71 days 

110 days 120 days 

Untreated 

66-4 

56-1 

115-8 

79-4 

72-9 

72-6 

112-7 

MflOO, 0-78 grams 

63-4 

572-2 

— 

120-6 

122-8 

— 

— 

JI//50, 1-56 ., 

87-2 

660-6 

— - 

393-4 

178-5 

— 

122-8 

-M/10, 7-8 

17-9 

316-8 

2675-0 

1680-0 

3077-0 

24230 

— 

Untreated 

152 days 
165-4 

189 days 
97 

214 days 
141-0 

218 days 
141 

230 days 

141 

246 days 
141-0 


MIlOO, 0-78 grams 

— 

— 

— 

— 

— 

— 

— 

-M/60, 1-56 

— 

— 

— 

— 

— 

— 

— 

-M/10, 7-8 „ 

1425-0 

543 

701-5 

543 

426 

655-5 

— 


Table IV. Exp. 2 a. Field soil. 

Million bacteria present per gram of dry soil after 


Chemical 

7 days 

18 days 

41 days 

75 days 

137 days 

155 days 

165 days 

195 day 

Untreated 

45-3 

40-6 

65-9 

37-0 

75-0 

45-6 

56-6 

— 

-M/100 

32-6 

58-2 

237-8 

401-0 

351-7 

389-1 

312-3 

— 

M/50 

14-4 

39-8 

57-4 

318-5 

312-3 

447-7 

325-9 

— 

M/10 

7-8 

8-2 

7-9 

62-8 

89-5 

78-8 

107-7 

128-8 


Table V. Rubber stoppers. 

Million bacteria present per gram of dry soil after 

f ------ , ^ 

5 days 15 days 23 days 40 days 59 days 

Untreated 95-3 95-3 95-3 77*4 08-6 

J//10 202 477-1 133-4 906-5 1675-0 

Table VI. Action of benzene on cucumber soil in scaled flasks. 

Million of bacteria per gram of dry soil after 

A 

Dose 17 days • 42 days 

Untreated ... 177-8 82-2 

-M/10 54-9 440 

Table Yll. Field soil. Set 3. Cotton-wool stopper replacing cork from 
50//? to blth dag only. 

Million of bacteria present per gram of dry soil after 

Dose 57 days 83 days 151 days 167 days 

Untreated 37-5 52-7 52-7 52-7 

MIbO 1422-0 872-6 391-4 — 

MjlO 47-2 158-1 128-0 114-0 

At the end of this paper a series of tables is added, which analyses the toxic effect of 
many benzene derivatives on fungi, eelworm, bacteria and protozoa, as shown by the 
experiments described in this paper. 
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A preliminary experiment was made on cucumber soil of 47-8 per 
cent, moisture. The soil was not spread out but after two or three days 
cotton wool stoppers were substituted for corks. One series of bottles 
was kept at ordinary room temperature, while another was incubated 
at 34^ C., to see whether the increased volatility of naphthalene at higher 
temperatures would influence the results. il//50 gave the greatest im- 
mediate rise at both temperatures, but in all the treated bottles the 



(torkod bottles. Broken lines: in bottles vvitl» eotBni-wool stoppers. Bacterial numbers 
])or gram of dry soil. 

numbers increased enormously during the first few days (Fig, 3). At 
M/50 they rose in seven days to 4500 million at 18° C. and 1200 million 
at 34° C., while M/100 and M/10 gave 1817 million and 1912 million per 
gram dry at 18° C., but only 520 and 550 milhon respet^tively at 34° C, 
Therefore raising the temperature to 34° C. chet'ks tlie rate of bacterial 
multiphcation very severely, although the volatility is increased; but 
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then even in untreated soiF the numbers drop from 127*2 million to 
33 million per gram of dry soil when incubated for 74 days at 34° C., 
this drop being accompanied by a rise in the nitrate from 576 to 1003 
parts per million since 34° C. is near 
the optimum for nitrification. 

At 18°C. the high bacterial num- 
bers rapidly fell again after the seventh 
day and by the 24th day in MjlOO 
they were only 60 million above con- 
trol while M/60 stood at 135 and 
1//10 700 million above control. The 
fall continued at a much slower rate 
until the 77th day when the experi- 
ment was discontinued. 

A similar course was followed in the 
series of bottles incubated at 34° C., 
but the return to the untreated level 
was accelerated, and the numbers were 
all very near normal on the 74th day. No ammonia is prodiu^ed at 
18° C., but at 34'' C. the ammonia in the MjlO and M/50 bottles rises 
from two parts to 67 and 32 parts by the sixth day, and has disappeared 



4. CuciimbcT soil treatod with naj)h- 
thalone; 47*S % inoistiiro. Hiiswll- 
Hiitchinyon mot hod. DifToiorioo of nitric 
nitrogen from control in dry Hoil. 



Fig. 5. Field .soil tnNited with naphthalene; 14*0 % moistun*. 
Ihmterial nuinhms j)er gram of dry soil. 


again by the 28th day (Table VIII). This rather indicates that at 34° C. 
the naphthalene temporarily paralyses the nitrifying bacteria, but that 
after it has been in large part destroyed they revive, and at 34° C. which 

1 These results are quite in accordance with tlioso described by Russell and Hutchin- 
son (3), who examined the effect of incubation at higher temperatures than 18° C., on 
partially sterilised soils. 
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is near their optimum temperature, soon nitrify the accumulated am- 
monia. As with phenol and xylene, the rises in numbers are clearly 
reflected in a drop in the nitrate content, this fall increasing with the 
dose and disappearing when the numbers approach normal again (Fig. 4). 
Curiously enough, comparatively little call is made on the nitrate at 
Af/100, although the bacterial numbers reach 1817 million on the seventh 
day. The nitrogen of the nitrate may be necessary for bacterial multiplica- 
tion, or again, even the oxygen may be required, as very energetic oxida- 
tion must be taking place 

Table VIII. Naphthalene 34^ C. Cncumhcr soil, 48 % moisture. 


Millions of haetoria ])r(‘.sent, Ot hr'r organisms 

per gram f)f dry soil after present after 

Grams of chemical added , — ' ^ ^ 



per kilo of < 

dry soil 


0 days 

19 elays 

28 days 

74 days 

0 days 

28 da^'s 

Untreated 



127-2 

79-8 

05-5 

33-13 

Fungi, 

F uiigi. 









eelworm 

eel worm 

•05 % (JV//100) 

1 -28 grams 

510-0 

117 4 

94-0 

35-3 

Fungi, 

Fungi, 









(‘(‘Iw'orm 

eelworm 

•1 

% {Mim 

2-50 „ 


1240-0 

205 7 

187-5 

50-4 

Fungi 

Fungi 

•5 

% 

12*8 „ 


555-4 

1384 0 

939-7 

89-19 

Fungi cut 

Fungi rut 









down 

dOV^Tl 








Ammonia and nitraU^ 



Nitrate 

‘ ])res 

('lit after 

Ammonia jiresent 

after 

])resent afh'r 


Soil 

0 

28 

74 

0 

28 

74 

<> 28 

74 



days 

days 

days 

days 

days ( 

lays days days 

days 

Untn'ated ... 

57() 

850 

1003 

2 5 

1-3 

2-0 5" 

’8-5 851 

1000 

•05 

57 S 

803 

1000 

2 7 

1-8 

1-7 581-0 805 

1002 

•1 

(,1//50) 

432 

097 

922 

32-7 

20 

1-0 4<i 

15-0 099 

924 

•5 


380 

525 

858 

07-8 

2-4 

2-0 47 

4-0 528 

801 


Naphthalene has no effect on protozoa, eelworm and fungi at 18' Ct 
At M/IO there may be some slight effect on fungus growth and eelworm 
numbers, but it is not easily recognisable. At 34 the compound is 
more volatile and also more toxic to eelworm so that 4// 10 and 4//50 
both eliminate eelworm, while M/10 cuts down fungus growth appreciably. 
Protozoa are not affected at any dose. 

Exp. 2 (Fig. 3). M/10, M/50 and MjM){) naphthalene were added to 
cucumber soil of 48 per cent, moisture content, the bottles being closed 
by cork stoppers. Since interchange of air was thus restricted, the 
bacterial numbers rose more slowly than when cotton-wool was employed. 

^ Very often a dccreaHO in bacterial iiiimbcrs is accompanied by a rise in nitrate in the 
control bottles —see phenol, and naphthalene. There are other cases where bacterial numbers 
and nitrate rise together in the untreated soil, e,g. toluene, benzene and dichlorcresol. 
Cymeue was an interesting case, for in the untreated bottles a (piick ris(‘ in bacti'rial 
numbers was accompanied by a steep fall in nitrate, while later a fall in bacterial content 
was reflected in a corresponding recovery in the nitrate value. 

Journ. of Agric. Soi. xiv 2 
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Reference to Fig. 3 shows that the numbers increased with the dose, a 
fall setting in after the 13th day. This fall slowed off considerably after 
the 34th day, and by the 74th day MjlOO and M/50 were very little 
higher than the untreated soil. Yet M/10 had a population of 100 
million bacteria per gram of dry soil above control even on the 247th 
day, and this occurring in cucumber soil where action goes on quickly 
makes it easy to accept and explain the Russell-Hutchinson rise of 40 
million with toluene after 500 days in field soil where the process is always 
much slower. All smell of naphthalene was gone by the 13th day in the 
case of the two weaker doses, and by the 34th day when M/10 was added, 
while simultaneously the actual crystals ceased to be visible among the 
soil particles. 


Table JX. Naphthalene 18° C. Cucumber soil, 48 % moisture. 



Millions of bacteria presont 

( )ther 

organisms 


( JraiiiH uf (ihcinicnl 

])er gram 

of dry soil after 

presont afttT 


adek'fl per kilo of 


' 

^ 



Protozoa 

dry soil 

7 days 

24 days 

77 days 

7 days 

24 days 

present 

Unti’(‘at(Hl 0 grams 

1G7-3 

1031 

104*3 

Fungi, 

eelworm 

Fungi, 

oolworni 

F. C. Am. 

/i//io() -orv;, 1-2S „ 

18170 

229*2 

108*7 




M/.W -lo,, 2'5(i „ 

44840 

302*(5 

145*1 




iV/li) ’5% 12*8 „ 

19120 

7590 

303*8 

Fungi 

reduced 

- 










Nitr 

ate and ammonia 


N itrat(3 

]) resell 

(. after 

Ammon 

ia pr(*s(mt 

aft{‘r 


present after 

A 



' 7 

24 

77 

' 7 

24 

77 ' 

'1 

24 

77 

Soil 

days 

days 

days 

days 

days 

days 

days 

; days 

days 

Untreated 

.ISO 

5()9 

048 

2*9 

2*4 

2*2 

583 

571 

050 

M/\{)0 ... 

.512 

573 

020 

2*8 

2*4 

2*3 

515 

575 

028 

/lf/50 ... 

402 

502 

578 

2*8 

24 

2*0 

405 

5t)4 

580 

d//io ... 

257 

300 

403 

0*7 

3*1 

3*3 

204 

30.3 

4()0 


Exp. 3 (Table XII). As in the case of benzene, M/10 naphthalene 
was added to two lots of cucumber soil of 100 grams each in 1*5 litre 
flasks, and two similar controls were set up at the same time. All the 
flasks were hermetically sealed. They were opened on the 17th (Fig. 3) 
and 42nd days respecitively, and in each case the numbers were practically 
at control level and naphthalene crystals could be seen in the soil. 

The flasks opened on the 17th day were immediately closed with 
cotton wool plugs and counts were made on the 26th and 42nd days, 
that is, nine and 25 days after opening. In nine days the numbers rose 
to 3000 millions and then fell to 2600 millions on the 25th day after 
opening, and on the latter date no naphthalene could be detected by sight 
or smell. 
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The volatility of naphthalene is much less than that of benzene, and 
the fraction which can have escaped from the soil during the time that 
the flasks were sealed must have been negligible. It must therefore have 
been the lack of oxygen which checked the multiplication of the bacteria, 
unless the fact that carbon dioxide could not escape also acted as 
a check. 

The requisite source of energy was present as na])lithalene, but in 
the absence of oxygen the bacteria could not make use of it. It is in- 
teresting that they remained near control level. They may have been 
quiescent or, on the other hand, they may liave been feeding on the 
normal, already partially oxidised, food supply. 

Exj). 4 (Fig. 5). Field soil of 14*9 per cent, moisture was used for this, 
and the usual doses added. During the first eight days, no rise ocruirred 
at the 7I://100 dose, while a slight depression in num])ers occurred at 
M/IO and J4/5(). By the 45th day however the numbers stood at 
1000 and 870 million in the J//100 and il//50 bottles respectively, 
while ilf/10 stood at 530 million. The numbers with the highest dose 
went on rising steadily until the 19Gth day, when they stood at 1372 
million, and would evidently rise still more because (U’ystals of naphtlialene 
were even then visible, and the smell fairly strong. All smell disappeared 
at the two weaker doses by the h5th day and from now until the 80th 
day there was a steady deedine in numbers which continued, though at 
a much slower rate, betweam the 80th and 150th days. 

All this evidence (‘m})hasises the much slower rate at which bacteria 
work in field soil, with its smaller water content and poorer aeration. 

A very puzzling jump on the 4//10 curve was found on the 17th day, 
but an explanation was soon found : the bottle had been opened twice 
and this allowed a. fresji air supply, freer oxidation and utilisation of 
the energy so set free. Hence the line at df/10, between the 8th and 45tJi 
days should reall}' follow the full line, and not the graph as it was 
first worked out. 

Many see-saw irregularities in the curves throughout tJiis paper are 
apparently caused by the difficulty of making up numerous sets of bottles 
in an identical manner and storing them under quite uniform (*onditions; 
the fit of the stopper, the amount of mixing with the (*hcmical under 
investigation, etc., all have their disturbing effect. 

The initial laej. il//i00 naphthalene was added to two kinds of soil, 
and the bottles fitted witli cotton-wool stoppers. 

{a) Cucumber soil of 39*6 per cent, moisture, {h) Allotment soil of 1 G- 1 
per cent, moisture. Another experiment was carried out simultaneously, 

2—2 
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in which il//100 naphthalene was added to field soil in bottles fitted with 
corks. 

Mr Tattersfield, of Rothanisted, who was working independently on 
the subject, was in charge of (a) and (6) and made daily estimations of 
the disappearance of the naphthalene, bacterial counts being made 
simultaneously. 

With cucumber soil there was a pause of 2-3 days, with allotment 
soil of 3-5 days and with field soil (Fig. 5) of 8 days before a very quick rise 
in bacterial numbers set in. This rise coincided in (a) and (b) with the 
disappearance of the smell of naphthalene, and with the time of quickest 
disappearance of the naphthalene, as determined quantitatively. 

These interesting experiments rather indicate that the naphthalene 
first rea(ds with some substance present in the soil, possibly under the 
influence of an extra-cellular enzyme. When MjlO naphthalene was 
added to steamed cucumber soil (see later) the bacteria only reached 
140 inillion in 13 days, against 14G0 in normal soil, and this may be 
partly owing to interference with some compound in soil which first 
reacts with naphthalene. 

After this possible first stage, oxidation of the naphthalene goes 
ahead, so that rapid disappearance of the chemical occurs simultaneously 
with quick rises in bacterial numbers. 

Looking at matters from a different standpoint, the pause may be 
tlie time during which the bacteria arc being trained to use this source 
of energy at various doses. It is interesting to note that Af/lOO gave 
2420 million bacteria by the fiftli day when a cotton avooI stopper was 
used, and only 260 million when a cork was used. 

Table X. Naphlhalme, CmunibcT soil, 48 % moisture. 


Million ])artrria present per gram of dry soil after 


(darns of ehemiiuil 
add(‘d per kilo of 

3 

13 

34 

74 119 151 

189 

247 

dry soil 

days 

days 

days 

days days tlays 

days 

(lays 

Llnlreated ... 

OIMl 

79-3 

87-9 

lll-O 93-5 107(l 

97-0 

97-0 

Tit /1 00 1-28 grams 

21 no 

300-2 

108-8 

141-7 __ ^ 

— . 


iU/oO 2r)t) „ 

227-3 

819-3 

220-4 

119-4 — — 



yu /10 128 

200-2 

1401-0 

878-8 

506-9 353-0 523-0 


2000 


4'able XI. Field soil. 

14-9 % moisture. 



(Trams of ebemieal 


Million bacteria present per gram of dry soil after 


added pcT kilo of 
dry soil 







8 days 

17 days 

■ 

45 days 80 days 151 days 168 days 190 days 

Un treated ... 

09*9 

09-9 

61-7 

53-5 62-4 

48-8 

48-8 

iU/lOO 1-28 grams 

68-7 

257-6 

1002-0 

440-3 180-3 

193-0 



Mjm 2-5() „ 

40-9 

384-1 

870-2 

.399-4 437-1 

292-0 

- _ 

i¥/i0 12-8 

04-7 

1307-0 

529-3 

736-7 1190-0 

1U8() 

1372-0 



A. Matthews 


21 


Table Xll. (!uc.un\her soil + M/U) naphthalene in sealed flask. 

Hmliid. JlaM:. ()})ened jiask. 

Million bacteria pres(5iit after Million bacteria proHcnl after 


Dose 

17 days 

42 days 

20 days 

42 days 

Untreated 

177-8 

82-2 

157-0 

104-0 

M/10 ... 

180-5 

115 4 

:i094-0 

2()200 


Hexane. Formula Molecular weight 80. Boiling point 71 *5 0. 

Heat of combustion 992. Dimsity *63. Vapour pressure 97*4 mm. at 15 ' C 



Fig. 0. Cii cumber soil treated with hexane; 42 moisture. 

Numbers of bacteria per gram of dry soil. 

Now that the two aromatic hyclrocarbojis benzene and naphthalene 
have been treated in detail, because they emphasise various points of 
importance with rather special clearness, it is interesting to describe the 
effect of an aliphatic hydrocarbon on cucumber and field soils. 

iH/lOO, ff//50 and M/iO were added to cucumber soil, and rapid rises 
occurred in the caseof the two weaker doses. By thefourthday tlienumbers 
stood at 460 and 5e5() million respectively above control, but a much 
slower rise occurred at J//10, where the numbers had only reached 
187 million above control by the 19th day. On this date tlie numbers 
were again rapidly falling witJi the di/100 and d//50 doses, and no smell 
was left at any strength. By the GOth day the numbers had reached 
control again at the two weaker doses, and the temporary disturbance 
was apparently over (Table XI 11). 

However the bacteria at di/lO were still well above control level even 
on the 161st day, so that its effect lasts much longer. It is obvious from 
Fig. 6 that the maximum point of tliis curve has been missed owing to 
the long interval between counts — probably between the 19th and GOth 
days. 

When these doses are added to field soil, a slight rise in bacterial 
numbers is seen by the eighth day, and this as usual proceeds more slowly 
than with cucumber soil. While the numbers have returned to normal 
by the 46th day with the li/lOO dose, they are still well above control 
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at i//50 on the 81st day, and high but decreasing rapidly at MjlO on 
the 150th day. The smell is still persistent at Mj\i) on the 81st day, but 
gone by the 17th with the weaker doses. Thus hexane supports the 
evidence already presented that oxidation of hydrocarbons proceeds 
more slowly in field soils than in moist iiighly manured cucumber soils 
where the pore space is much greater and the surface exposed to air. 
The action of hexane on protozoa was not determined, but at the tested 
doses it has no action on fungi or eelworm. 

Its effect on baciterial growth has been described in sufficient detail 
to make quite clear that the way bacteria oxidise this aliphatic 
hydrocarbon, and so avail themselves of a rather abnormal source of 
energy, rising temporarily to high numbers, in no way differs from the 
way soil bacteria utilise benzene and naphthalene and many other 
aromatic hydrocarbons. The difference is rather one of degree, since the 
bacteria cannot apparently rise to such high levels on the open chain 
aliphatic compounds as with the closed ring compounds like benzene, 
nor is any initial depression in numbers shown with hexane. 


Table XIII. Hexane, (hieumher soil, 42-3 % moisture. 

Weif^ht of chemical Million bacteria present j)er ^rani of dry soil after 

i XVi.V./ 

dry soil 

4 days 

19 days 

00 days 

1 19 days 

101 days 

Ihi treated 

90-0 

720 

1021 

89-4 

74-4 

3// 100 0-8() grams 

r>4(>-7 

155*7 

133-0 

. — 

— 

ilZ/oO 1-72 „ 

()4r)-2 

107-8 

89-9 

— 


Mjm 8-(i 

124G 

259-5 

159-2 

1 12-4 

118-9 

Table XIV. 

Hexane. Field soil, 14*6 % 

'tnoisture. 


Weight of chemical 

Million bacteria present per gram of dry soil after 

uiOT* Iriir^ of 






tX'VJ Ilv^l IVXLv/ V'i. 

dry soil 

8 days 

17 days 

45 days 

81 days 

151 days 

Untreated ... 

44-5 

44-5 

00-3 

97-2 

90-1 

71//100 0-8G grams 

51-9 

244-7 

57-1 

117-1 

— 

jU/50 

64-4 

140-0 

108-0 

133-0 

— 

ilf/10 

450 

84-3 

178-0 

238-0 

108-7 


Toluene. Formula CgH^CH^. Density *88. Molecular weight 92. 
Vapour pressure 30 mm. at lb"’ C. Heat of combustion 935. Boiling point 

lire. 

Preliminary experiment (Russell-Hutchinson method) (Fig. 8). 
Tomato soil of 36*9 per cent, moisture was used, and the soil aired 
after the reagent had been in five days. At the ilf/100 and ilf/50 doses 
a slight feeding effect was apparent, and by the 34th day the bacteria 
had risen some 50 million per gram of dry soil. This disturbance was 
over by the 106th day, the numbers having regained the untreated level. 
ilf/10 caused a depression of 14 million on the fifth day soon succeeded by 
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a non-siistained rise ol 400 million per ^ram by the day, these 
numbers falling' a^airi to 192 million by the lOlth day. 



Fig. 7. CiKuirnlKT soil treat(*(l witli toluone: 48 % moisture. Bacterial numbers f)er gram of 
dry soil. -*1. JZ/oO itj li(‘jiii(‘ti<'allv seal(Ml v(*ss(*l. />, J//I0 by Russc'II-Hutchirisou method. 

Ammonia (l^V* ^)* A tpiiek rise in ammonia occurs at all doses, and 
on the sixth day obviously rises with the dose. But although the bacterial 
numbers continue to rise at di/bO and J//10() until the 31th day, the 
ammonia drops again and is at tlie untreated level b}^ the latter date. 



Fig. 8. Tomato soil treated with toluene; .‘>7 moisture, rvu.s&ell- Hutchinson method. 
Hifference of ))act(‘rial numbers from c{>ntr()l, ])ei' gram of dry soil. 

as thougli the nitrifying bacteria after temporary suppression, were again 
working. When the ammonia rises at il//100 and ili/50 there is a simultane- 
ous slight depression of nitrate. At the 3//10 dose 132 parts of ammonia 
nitrogen have accumulated by tJie 34th day, and later it dwindles side 
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by side with the falling bacterial numbers, as though many of the 
abnormal number of bacteria were 
amrnonifiers. More probably it in- 
dicates renewed activity of the 
nitrifiers as the toluene is destroyed. 

There is also at Mjli) a considerable 
gain in nitrate from the sixth day 
onwards, and for the last ten weeks 
of the experiment the nitrate stands 
at 120 parts above control (Fig. 10). 

Hence the net result of adding Af/lO 
toluene is a distinct gain in ammonia 
and nitrate over a period of 15 
weeks, so that undoubtedly the 
toluene-eating bacteria elaborate 
readily available plant food, the in- 
crease being strikingly high com- 
pared with that given by other 
reagents. But whether such a 
method of ensuring a better crop 
could for one moment compete with 
the use of a cheap fertiliser, and so 
be of other than theoretical interest, 
is a questionable point. 

The Mj\0 dose reduced the pro- 
tozoa in number, yet some ciliates 
and amoebae were still found, although the toluene had been six days in 
the soil before airing. In tliis respect then toluene is slightly less toxic 



Fig. 9. Tomato soil treated with toluene; 
:n % moisture. Russell-Hutchirison 
method. j.)ifference of ammoniacal 
nitrogen from control in dry soil. 



Days 

Fig. 10. Tomato soil treated with toluene; 37 % moisture. Russell -Hutchinson method. 
Difference of nitric nitrogen from control, in dry soil. 


than benzene, where ilf/10 killed all but flagellates and some few small 
amoebae. Eelworm were cut down at il//50 and killed at ilf/10, the 
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latter dose also reducing the fungus growth to some extent. Hence the 
toxicity of benzene and toluene to larger soil organisms is somewhat 
similar, and quantitative tests at intermediate doses are necessary to 
discriminate between them. 


Table XV. 

Toluene. Tonmio soil {Rus^ell-Hutchinson mMhod). 


Millions of bacteria present Other organisms 



iMT gram of dry soil afte 

r pre.sent after 



Crams of chemical 

r 

A 

^ 

^ - - — 



added per kilo of 

() 

34 

105 

(> 34 

105 

Protozoa 

dry soil 

days 

days 

days 

days days 

days 

present 

llntrciated 0 grams 

1 41-2 

904> 

18-70 

Fungi, Fungi, 

Fungi, 

F. C. Am. 





eelworm eelworm 

e(“lworm 


71//100 0 92 „ 

TIO 

1491 

20-99 


,, 


Mm 1-84 „ 

85-2 

127-2 

19-50 

Fungi 

Fungi 

,, 

A//10 9-2 „ 

27-2 

544-4 

192 4 

Fungi Fungi 

Fungi 

F., few C. 





cut cut 

cut 

and lew' 





dowii down 

down 

Am. 





Nitrate and ammonia 

Nitrate present after 

Ammonia present after 

])rescnt after 

(1 

34 

105 

0 

.34 105 ' 

34 

105 

Soil days 

days 

days 

days 

days days days 

days 

days 

Untreated 383 

450 

405 

3-3 

5-0 1-9 380-3 

401-0 

40(>-9 

Jlf/100 ... 385 

445 

509 

9-3 

8-2 1-9 394-3 

453-2 

510-9 

M/50 ... 370 

459 

495 

27-4 

0-3 2-2 397-4 

405-3 

497-2 

^f/10 ... 370 

590 

580 

34 0 

137-0 4-0 404-0 

733-0 

590-0 



Oil' s 


Fig. 11. Field soil treated with toluene; 14'6 % moisture. 

Bacterial numbers jxjr gram of dry soil. 

Exp. 2. The action of MjlO, M/bO and MjlOO toluene on cucumber 
and field soils was next tested, the doses however being left in the soil 
to decompose. The corks were not sealed in the case of cucumber soil, 
but this was done for the field soil tests to prevent loss by volatility, and 
the latter are therefore slightly more satisfactory. Since benzene is so 
very volatile, probably the bacterial numbers obtained at the M/bO and 
ilf/100 doses with cucumber soil are far below what the whole dose would 
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have occasioned, had it not partly volatilised oft'. However toluene is 
much less volatile, so that the numbers will be nearer the true values. 
Since MjKd keeps the bacterial numbers down for 34 days, not at zero 
but at a level of 60 million per gram of dry soil, a rise setting in after 
this date, it seems probable that the 60 million bacteria which do tolerate 
the dose are reducing it until a concentration is reached which permits 
of a very rapid rise in numbers. As the graph of this rise is very similar 
to the curv(^ for 7I//50, the reduced dose would seem to be nearer A//50 
than Mjli) (Fig. 7). Again, the bacteria may be learning to use the 
toluene as a source of energy, for hydrocarbons must surely be rather a 
novelty to them. 

It is convenient here to consider in detail the course of events repre- 
sented by the graph of bacterial growth occasioned by adding A//100 
toluene to cucumber soil. 

1. While the numbers are rising, most of the bacteria will be dividing, 
some may be quiescent and others dying, but the rapidly dividing ones 
screen all the rest and so the curve rises. 

2. When the curve drops again, there is possibly still some of the 
new food left, besides the ordinary food supply and the supplementary 
food elaborated by these high numbers of bacteria. Yet the enormous 
population can no longer be supported, and so many die that the curve 
drops. Autotoxicity may possibly accelerate its fall. Many bacteria will 
be neither multiplying nor dying, but they are screened by the enormous 
number of deaths. 

When Mjli) pinene, which does not eliminate protozoa, is added to 
cucumber soil, the fall soon ceases and the curve remains horizontal over 
a long interval of time. The same thing is found with many reagents, the 
interval being of varying length. For some obscure reason a condition 
of equilibrium is temporarily established in such cases, the bacteria may 
be dying off as fast as they multiply, or may be in a quiescent state, 
but sooner or later the phase passes, and the decline in numbers again 
sets in. 

The numbers at M/50 and M/100 toluene rise to 2000 and 1200 
million respectively above control, before a fall sets in. On the 120th 
day these soils are again approaching control in bacterial content, so 
that the action is almost over. The rise which sets in on the 34th day at 
M/10 attains a maximum about the 77th day, and from then falls 
steadily, but the drop is so slow that even on the 192nd day, when the 
experiment was discontinued, the numbers had only fallen from 2400 
million to 1700 million per gram of soil. At the two weaker doses all 
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smell of toluene disappears bctweeji tlu^ 3rd and Htli days, while an 
interesting' point is the strong butyric^ aeid-like smell wliieh underlies the 
smell of toluene at the d//l() dose on the 34th day. This may be due to 
fermentation by anaerobic bac>teria which tolerate the Mj\{) dose, as it 
is also notic'cd when MjM) benzem' is added to cucumber soil in a sealed 
flask, and is of very short duration. All smell o+‘ tolmme goes between 
the 34th and 58th da}\s, by which time tlie bac'teria liave risen to 1908 
million per gram. 

Although the numbers in the MjU) soil were very high when the 
experiment stopped, analogy with the (‘ourse of all other curves presented 
in this paper leaves no doubt that the falling bacterial content will 
slowly and inevitably return to control level. At least 6 to 12 months 
longer miglit be necessary for this return to e(|uilibrium. 

Two or three types of bacterial colonies are outstanding when the 
numbers are high at the two weaker doses, while a large number (A brown 
streptococcus colonies is present when the dZ/lO curve is falling. 

Effect of re -0 pen iiHj lest erf bottles. When J//J0 series 2 was tested a 
second time, it Avas found that as early as the 2Gth day the numbers 
had risen to GO million al)ove control owing to tlie admission of fresh 
oxygen and a slight loss of toluene. Examining J//10 series 3 a second 
tiiiie on the 49th day tlie bacterial content stood at 300 million above 
(‘ontrol, a strong smell of toluene still reTiiaining while a third examina- 
tion on th(‘ bSth day demonstrated as many as 4710 million bacteria 
per gram, and all toluene simdl w^as gone. 

These experiments prove that additional air supply accelerates the 
rate of oxidation of toluene and consequent bacterial growth. A little 
of the dose may be unavoidabl}^ lost, but this is a comparatively un- 
important factor. 

On the 58th day counts were made of the bacteria in an Ji/10 bottle 
opened for the first time, and the numbers w^ere only 1968 million against 
4710 million in the thrice opened bottle, but the types of colony on the 
other hand w^re /hr more numerous. 

Tw^o types only gave the higher count, small white dots and the 
ubiquitous liquefaciens which probably turns up so often on account of 
its very resistant spore wdiich survives treatment w ith all tested reagents. 
These observations strengthened a gradually growing opinion that 
enormous bacterial numbers are usually due to tlie special multiplica- 
tion of one or twa) definite forms, and not due to increase of all soil 
bacteria. Probably there are no toluene-eating bacteria in the soil 
originally, but one or more forms can be induced to utilise it, and this 



28 


Partial Sterilisation of Soil by Antiseptics 

may hold for all reagents examined h A fourth determination was made 
from ilf/10 series 3 on the 72nd day, and a third from MjlO series 2 
on the 58th day. As was anticipated, the energy liad been used up very 
rapidly, and the numbers were down again to 952 milHon and 461 
million respectively. Hence in these repeatedly oj)ened bottles the 
numbers are much nearer the untreated level by the 58th and 72nd 
days, than are tlie numbers in Mj\i} set 4 on the 192nd day, so that an 
inevitable return to the control numbers is clearly indicated for ilf/10. 

It must not be forgotten that all determinations of the effect of ilf/10 
after the 58th day, were made on an already opened bottle, no more sets 
being available. Yet repeated openings after this date did not lead to 
enormous rises such as occurred earlier, so that a free air supply is of 
greater significance during the early days of oxidation than later on in 
the experiment. Presumably all the toluene is broken down by the 
58th day, and the subsequent changes are slow and perhaps incapable 
of much acceleration. 

Effect of using a hermetically sealed flask (Fig. 7). The ilf/50 dose was 
mixed with 100 grams of cucumber soil and kept in a 1*5 litre flask. 
Two lots were put up, one of which was examined on the 17th and the 
other on the 42nd day. Some slow rise in bacterial numbers had occurred, 
but the comj)aratively low level attained (600 to 400 milhon) shows 
that a limited supply of oxygen hindered action, and the bacteria could 
not so quickly or fully avail themselves of the energy supply as in corked 
quart bottles. After the first count on the r7th day this flask was 
furnished with a cotton- wool stopper and the numbers at once rose, yet 
even on the 42nd day showed Uttle signs of recovery from the initial 
check, unless a quick rise and fall had been missed between the two dates, 
as might easily happen. 

Effect on 'protozoa. The accompanying table shows that although 
bacteria and protozoa may fluctuate inversely in numbers in the open 
field, protozoa are not to any appreciable extent concerned with the 
bacterial rises now under consideration, ilf/50 toluene occasions a rise 
of 900 million bacteria per gram more than the ilf/100 dose, and yet four 
times as many trophic amoebae were found at the higher dose as at 
ilf/100, while the reverse should be the case, were protozoa immediately 
concerned. Moreover the ilf/10 curve rises very little beyond the ilf/50, 

1 At Af/lOO and if 750 benzene and toluene most of the soil bacteria can be found, 
many of them in greater abundance than on the control plates. It is at if/10 that enormous 
numbers of one or two kinds hide the rest, until the numbers are much decreased again. 
Then the characteristic soil bacteria are revealed once more. 
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yet MjlO eliminates all amoebae, and ciliates; these two results again 
being contrary to expectation. 

Table XVI. Cucuwber soil. Protozoa^ present after treatment with 
MjlOy M/50 and M/lOO toluene. 


(V)ntrol M/100 37/50 37/10 



Active 

Spore 

r-- - - 

Active 

Spore 

Active 

S])ure 

Active 

Spore 

Am, 

11440 

1700 

2480 

74 

8370 

74 

0 

20 

C. 

740 

105 

31 

74 

74 

74 

0 

0 

F. 

V 

25000 

19500 

5500 

V 

25000 

19100 

5500 


On the other hand, by successive openings of the M/IO bottle one 
can vary the bacterial numbers from 1900 to 4710 million per gram, 
so that the cause of the high bacterial multiplication is undoubtedly 
reaction between toluene and oxygen, and independent of protozoa. 

Action on field soiP (Fig. 11). Toluene acts much more drastically on 
field than on cucumber soil, but undoubtedly along the same lines. 
Experience enables one to interpret liberally and see the exact significance 
of the curves yielded over 195 days. All three doses cause an initial 
depression, and subsequent rise. At M/100 the rise is slow, reaching 900 
million on the 78th day and falling again to IbO million by the 1 65th day. 
When the level reaches 900 million all smell has gone, and 100 days pass 
while the level drops by 440 million. Jlemembering tliat all drops in 
bact(‘rial numbei’s discussed in this ])aper decrease greatly in rate as 
they near control, and that Itussell and Hutcliinson used a dose of 4 per 
cent, toluene^, the oxidation of which would leave quite a large amount 
of residual ])r()ducls in the soil, after s]>reading out overnight, a content 
of 40 million al)()ye control even after 500 days is largely a (‘counted 
for. 

M/50 keeps the bacteria, below control for L‘47 days, after whicli they 
rise by 210 jnillion in the next eh) days, so that the rise had well begun 
when the experiment was (iiscoii tinned. On this date also the smell of 
toluene had gone, such disapj)earan(‘-e usually signifying the onset of a 
big rise in numbers. The smell persisted until the I5()th-lG5th day at 
M/10 and the numbers well below control on tlie latter date soon began 
to rise, reaching ^30 million above (‘ontrol by the 195tli da}' when the 
experiiiKUit (mded. 

^ Tho method UHed was in j'ssentiais that devised by Mr Cutler 

- A diapirani is usually ‘ijiveii if the (uirv(‘ is complicated. If it represents a straight- 
forward rise and fall iu numbers cmly ono of a type is given. 

3 3f/10 toluene -0*9%. Therefore 4**^, -about 3//2, a very large dose. 
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Effect of inserting cotton-ivool stoppers instead of corks in il//50 and 
M/10 bottles, set 3, fro7n the 50th-^7th dags. After substituting cotton- 
wool for cork stoppers for seven days in M/IO and M/50, set 3, bacterial 
estimations were made. As was expected, the numbers had risen, and 
stood at 150-200 million above control for about 60 days, whereas they 
were still well below the untreated level in the corked sets. All smell of 
toluene had disappeared in these bottles too. In the case of toluene the 
difference caused by reopening the same bottles, or allowing free inter- 
change of air, is much less in field than in cucumber soil where change is 
always quicker. 


Table XVII. Toluene, Cucu}nher soil, 48 % 7noisture, 


Weight of chemical 
added per kilo 


Million bacteria present per gram of dry soil after 

_ 


"a 

14 

34 

58 

72 

120 

192 

of dry soil 

days 

days 

days 

days 

days 

days 

days 

Untreated ... 

07*0 

74*7 

93*7 

03*4 

73*5 

72 4 

87 

M/100 0*92 grams 

111*9 

12020 

877*0 

— 

435 8 

204-8 


M/50 1*84 „ 

199*8 

1097*0 

21090 

- . 

990*5 

452-0 

— 

M/10 9*2 

51*7 

21*7 

57*7 

1908*0 


2048*0 

1705 


Table XVIII. Field soil, 14*6 % nunsturc. 

Million bacteria pn'sciit pin* gram of dry soil after 


Soil 

7 days 

18 days 

41 days 

79 days 

137 days 150 days 

1 105 days 195 dayf 

Untreated 

48*01 

45*7 

43*5 

40*9 

00-9 55*4 

08-3 08*3 

M/100 ... 

10-2 

147*9 

107*8 

899*9 

440*3 004-0 

431-0 — 

M/50 ... 

10-9 

19*0 

7*9 

14*7 

43*7 153*4 

277*9 

M/10 ... 

9*4 

121 

10*9 

11*2 

02-1 ;u*5 

39-8 99*8 


Table XIX. TolucMe. (hictind)er soil. 

Sealed flask opimed on 17tli 
Ke))t in sealed flasks after day; aft in* 

J)oso 17 days 42 days 2t) days 42 days 

Untreated 177*8 82*2 — 

M/50 ... ()05*8 418*2 10:12 805 

Table XX. Millmi of bacteria, M/10 bottle, sets 2, 3 and 4. 
Cucumber soil, b&h day. 

Set 2 three times opened ... 401 millions 

„ 3 „ „ ... 4710 „ 

,, 4 onee ojiened ... ... 1008 „ 

Xylene. Di-methyl benzene. Formula CeH^.CHgCH 3. Density 0*88. 
Molecular weight 106. Heat of combustion 1085. Boihng point 140° C. 
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When the action of Mj'l, Mjli) and 7f//50 xylene on a tomato soil 
of 40 2>cr cent, moisture is examined by the Russell-Hiitchinson method, 

4000 j- 

3750 

'3500 

3250 
I 3000 

Si' 

t 2750 

§ 2500 

2250 

2000 
Vj 

9 

1750 
a 

~ 1 500 
^ 1250 
1000 

750 
500 

250 

0 15 20 45 bO 75 .90 105 120 135 1.50 tG5 180 195 210 225 240 248 

I )a \ s 

Fi;2- 1-. FucunilKM- Hoii Ireatod with \yk*iio; 18 % moiisturc. 
liaclorial luimbtTs jht j^raiu of dry soil. 


O ^ ] UOO 



Ibiys 

Fi<j[. 13. Fj(‘ld .soil (roatrd with xyhaio; 14-(> nioistiiro. 
Bacterial miiiil>er.s per of dry soil. 


an immediate feeding; cll'ect is registered at all doses, 525 million bacteria 
per gram being present on the 3rd day with the tno higher doses and 
27 million above control at M/50. However, the numbers are rapidly 
falling again on the 91st day, and stand at 315, 175 and 20 million 
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respectively above control in descending order of dose. B, liquefaciens 
is very prominent on all plates. 

The following table gives the results of another similar experiment. 
Table XXL Xylene. Tomato soil, 29 % moisture. 


Millions of bacteria 
present per gram of 

dry soil after Other organisms present after 


Grams 

added 

of rhemical 
per kilo of 

"^5 

34 

59 ' 

5 

^ 

34 59 Protozoa 

dry soil 

days 

days 

days 

days 

days days present 

Untreated 0 grams 

44- 1 

56-8 

— 

Fungi, 

Fungi, — F. ( 

:J. Am. 






eelworm eelworm 


Mj50 

212 „ 

67-5 

83-6 

138 

Fungi 

Fungi Fungi 

>» 

Jf/10 

10*6 „ 

116-3 

351-0 

306 


,, Reduced 

,, 







fungi 


MI2 

53 0 „ 

106-3 

297-5 

— 



>♦ 







Nitrate and ammonia 


Nitrate 

present 

afU’ir 

Ammonia present aftt 

n' ])res(mt after 



o 

34 

59 

'5 

34 59 

5 34 

59 

Soil 

days 

days 

days 

days 

days day 

8 days days 

days 

Untreated (iSS 

()29 

— 

5-4 

7-6 - 

693-4 636-6 

, — 

M/CA) , 

... tiSt) 

691 

678 

18-3 

4-0 3‘ 

> 704-3 (i95-0 

6)8 1 -2 

M/K) . 

574 

597 

677 

23-4 

08-5 12t>-:: 

1 597-4 695-5 

803-3 

M/2 . 

681 

586 

— 

26-4 

105-5 — 

7t)7-l 691-5 


As 

with toluene and benzene, the 

ammonia 

content of tlie soil 

rises, 


and this can be detected even on the third day, the amount rising with 
the dose. It has gone again at M/50 on the 32nd day, but risen by 100 
parts at M/2 and M/10, and by 106 parts at M/JO on the 57th day 
(tomato soil of 29-3 per cent, moisture). The nitrate has meanwliile risen 
by 60 parts at M/50, but on the other hand, great bacterial growth at 
M/10 and M/2 is reflected in a call on the nitrates, so that for the time 
being the soil is actually poorer in nitric nitrogen at these doses. Unfor- 
tunately, lack of sufficient data prevents one from deciding whether the 
net result of adding the various doses is a total gain in readily available 
nitrogen, or whether the accumulation of ammonia simply results from 
the death or temporary suppression of the nitrifying bacteria. 

Quahtative tests showed no action on protozoa at any dose, so that the 
introduction of a second CHg group into the benzene ring lessens toxicity 
to protozoa. The M/5() dose eliminates eelworm, while even M/10 has 
but shght reducing effect on the growth of fungi, so that towards fungi 
also dimethyl benzene is less toxic than benzene and methyl benzene 
(toluene). Greater toxicity is however shown to eelworm, and it is possible 
that being less volatile than the two latter compounds it has more chance 
of attacking eelworm and their eggs. Such differences in volatility might 
easily screen the true relative toxicity of these three substances. 
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Exp. 2. ilf/lOO, M/60 and M/10 doses of xylene were left in corked 
quart bottles with cucumber soil of 48 per cent, moisture. The bacterial 
content rose rather rapidly with the two weaker doses, the rise beginning 
slowly and continuing much more quickly after the third day. M/60 
gave 1000 million and M/lOO 600 million by the 14th day, M/60 still 
smelling faintly of xylene but M/100 not at all (Fig. 12 and Table XXTII). 

By the 34th day these numbers had fallen again to 350 and 220 
million respectively, and all smell was gone. Now a further slow declining 
period set in, and even on the 120th day the numbers still exceeded tlic 
control by 100 milhon at each dose. Like hexane, at 4//10 the rise was 
much slower, and had only reached 260 million above control on tlie 73rd 
day. Between this and 1 19th day the numbers rushed up and all smell 
disaj)j)eared. The crest of the wave of distil rbaru’e was reached on the 
150th day, when the bacteria numbered 3816 milhon per gram. Then a 
decline set in and the numbers were 1906 million on the 190th day and 
1366 on the 248th day, so that the drop is very gradual as in the case of 
toluene. 

In field soil there was a similar sequence of events (Fig. 13). M/10 
was much more drastic in action, reducing bacterial numbers below 
control for about 97 days when a rise set in. This attained about 150 
million above control on the 197th day, wdiile the smell of xylene was 
still very strong, so the rise would continue for some time. By the 80th 
day the il//50 and M/lOO bottles still smelt of xylene, and the numbers 
had been steadily rising the whole time. 4//100 stood at 300 million 
and M/60 at 160 million above control by the 165th day and the smell 
of xylene had gone. Fig 13 therefore demonstrates that action was pro- 
(‘eeding so slowly that the crest of the wave of bacterial growth was hardly 
reached even with the weakest dose when the experiment was dis- 
continued. 

When free interchange of air was allowed at il//10 by substituting 
a cotton- wool stopper for a cork between the 5()th and 57th days of the 
experiment, the rise in numbers above control set in earlier, reaching 
90 million above control by the 57th day and 140 million by the 80th day. 


Table XXll. Xylene. Field soil, 14-6 nimsturc. 

Million l)act€M‘ia prcHont per gram of dry soil on 
(JraniM of chemical — — ^ — 


added per kilo of 

7th 

Kith 

44th 

80th 

U8th 

1 t)5th 

197th 

dry soil 

day 

day 

day 

day 

day 

day 

day 

Untreated ... 

40-3 

4 2 f) 

GI-7 

750 

45 

52-0 

53 

M/lOO 1(H) grams 


r >(>-2 

154 0 

105-1 

230 

357-5 

— 

3f/50 212 „ 

— 

4(i-9 

ISO 3 

125-3 

230 

21 10 


if/lO 1()(> 

2()(» 

IM 

101 

14-1 

100 

150-0 

203 


Joum. of Agrio. Soi. xiv 


3 
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Table XXIII. Xyhne. Cucumber soil, 48 % moisture. 

(drains of 

chemical Million bacteria j^resent per gram of dry soil on 

added per , ^ 


kilo of dry 

3 

J4 

34 

73 

119 

150 

190 

248 

soil 

days 

days 

days 

days 

days 

days 

days 

days 

Untreated 

83-3 

94-6 

102-5 

92-2 

107-5 

105-4 

97-0 

97-0 

il//10() ... 

120-2 

029-8 

222-5 

222-7 

197-7 

. — 

— 

— 

Ai/50 ... 

101-3 

1001-0 

354-2 

195-8 

240-0 

— 

— 

— 

i//10 ... 

202-1 

110-0 

100-5 

359-0 

1202-0 

3810-0 

1900-0 

1300-0 


Formaldehyde (40 per cent, solution in water). Formula IlCHO. 
Molecular weight 30. Heat of combustion 120-200. 



Fig. 14. Field soil treatcil with formaldehyde; 12-4 % moisture. 

Bacterial numbers ])er gram of dry soil. 

Exp. 1. (Russell-Hutcliinson Method.) Tomato soil of 33*3 per c(uit. 
moisture was used, the doses being Mj'lOi) and 71//50. The highest 

dose visibly lessened the numbers of protozoa, but did not eliminate 
either amoebae or eihates. Fungi and eel worm were not affected by these 
strengths, but in another experiment, a dose lying between iZ/lO and 
M/2 eliminated fungi, while M/IO killed all eelworm. 

M/50 was the only dose which affected bacteria, and for a few days 
the numbers were below control level, but recovering about the 25th 
day they rose slightly above control and remained 10 million above this 
level for the next 60 days. Thus the protozoa were cut down at M/50, 
and the bacterial content somewhat raised. The ammonia content of the 
soil had risen 14 parts by the third day, wliile the bacteria fell and the 
protozoa were cut down. Presumably this ammonia is the result of a 
temporary pause in nitrification. By the 36th day the ammonia had 
gone, while the nitrate at M/50, after a slight initial fall, rose steadily 
between the 30th and 61st days of the experiment, possibly owing to 
an improvement in the physical condition of the soil. 

Experiments carried out in pots and in commercial green-houses 
showed an improvement both in tomato plants and in the crop, when 
M/50 formaldehyde was applied (-06 per cent, of 40 per cent, solution). 
This result may also be owing to physical improvement of the soil, the 
reagent altering the colloids, as otherwise there appears no change (in 
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readily available nitrates or bacterial numbers) which would account for 
it. Formaldehyde is certainly effective against free living eelworm and 
fungus pests, but must be used cautiously as there is a certain cumulative 
effect if the -06 per cent, dose is used year after year, so that the crop 
eventually falls. Perhaps the reserve food in the soil is drawn on too 
heavily and impoverishment follows, or the formaldehyde may gradually 
‘"fix” proteins and amino-acids and render them unattackable. 

Exp, 2. When M/10 is added to field soil of 12*4 per cent, moisture 
in a corked bottle the bacteria are nearly all killed, and even on the 66th 
day the numbers stand at one million per gram against 70 million in the 
untreated soil, while the smell though faint is still present. Drastic reduc- 
tion in numbers also occurs when Af/100 and M/60 are used, but recovery 
follows by the 34th day, although in the next 30 days the control level 
is not passed (Fig. 14). Protozoa are all dead at the M/50 dose and only 
one or two amoebae and flagellates survive the M/100 dose, the tests 
applied being quantitative. The Partial Sterilisation theory cannot be 
expected to apply in this case owing to the probable ‘'fixation’' of the 
food sup[)ly. (Biifldin also recorded death of all but flagellates at the 
M/100 dose without any corresponding rise in bacterial numbers in the 
case of allotment soil.) 

The formaldehyde itself is too strong an antiseptic to serve as a food, 
so no increase of bacteria is to be expected. This point will be discussed 
again in a later part of the paper. 


Exp. 1. Table XXIV. Formaldehyde, Tomato soil^ 33*3 % moisture. 
Russell- Hutchinson method. 


Weight of chemical 

Millions of bacteria present per gram of dry soil after 

added per kilo of 

f — ■ — 


A 


dry soil 


3 days 

30 days 

01 days 

Untreated 


04-7 


800 

55-9 

it/500 0-00 grams 

74*2 


55-7 

09-5 

if/200 0 15 


02-7 


08-4 

58-4 

ii/50 06 


18-8 


90-8 

00-0 





Nitrate and ammonia 

Nitrate 

j nesen t after Am moiiia pi-esent after 

present aft(T 





^ ( 


3 

30 

01 .] 

30) 

01 3 

30 01 

Soil days 

(lays 

days days 

da.y.s 

days days 

days days 

Untreated 509 

(K)l 

001 2-7 

2-5 

1-2 571-7 

003-5 002-2 

ii/500 ... 519 

000 

025 24 

2*7 

1-8 521-4 

008-7 020-8 

if /200 ... 549 

032 

()00 1-8 

2-2 

1-4 550-8 

034-2 ()01-4 

if/50 ... 521 

015 

043 100 

2 4 

1-2 537-6 

017-4 044-2 


3—2 
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Exp. 2. Table XXV. Formaldehyde. Field soil, 12‘4 % moisture. 

Weight of chemical Millions of bacteria present per gram of dry soil after 


aaaea per mio or 
dry soil 

r 

5 days 

34 days 

66 days 

Untreated 

390 

46-3 

69-9 

if/ 100 0-3 grams 

7-8 

61-2 

67-0 

i//50 0*6 „ 

43 

43-7 

533 

i//10 30 „ 

0-5 

4-1 

0-8 


Carbon Bisulphide. Formula CSg. Density 1-29. Molecular weight 
76. Heat of combustion 265. 



Pig. 15. Cucumber soil treated with carbon bisulphide; 42 % moisture. 
Numbers of bacteria per gram of dry soil. 



A. Matthews 


37 


The usual M/IO, MjbO and M/100 doses were added to cucumber 
soil of 42*3 per cent, moisture, and the stoppers sealed. It was not 
realised at the time that such sealing would hinder oxidation and slow 
down the course of the whole experiment compared with benzene and 
naphthalene, as well as check volatilisation. 

The effect on protozoa was not tested, but il//100 killed eelworms 
and M/10 reduced fungus growth very considerably. An initial depression 
in bacterial numbers occurred at every dose, while the subsequent rise 
at M/100 was comparatively slight, the smell disappearing between the 
63rd and Slst days and the numbers reaching 100 million above control 
by the latter date. However the bacteria rose much quicker and further 
at M/100 when the bottle was opened several times, so that doubtless 
the limited air supply checked the rate at which the reagent was oxidised. 
The bacteria at M/50 rose to 607 million and 1285 million by the 25th 
and Slst days respectively, the smell of carbon bisulphide still persisting. 
At M/10 the numbers remained depressed until the 26th day, but then 
rose to 1870 millions by the 63rd day (Fig. 15, broken line). It was 
confusing at first to find the numbers down again at 29 million in another 
bottle on the 81st day, and then rising rapidly a second time while the 
carbon bisulphide still smelled strongly, but the experiment with benzene 
in bottles provided with rubber stoppers explained this. 


Table XXVI. 

Grams of chemical 
added iX5r kilo of 
dry soil 

Carbon bisulphide. Cucumber soil, 42 % moisture. 

Millions of bacteria present ])er gram of dry soil after 

4 days 

25 days 

53 days 

81 days 

Untreated... 

71*6 

106*8 

50*9 

55*4 

ikf/ 100 0-76 grams 

33*2 

204*6 

117*1 

147*5 

iU/50 1-5 

46*9 

607*1 

596*8 

1285*0 

MjlO 7-6 

15*9 

56*6 

1869*0 

29*4 

Table XXVII. Showing ra 

pid rise of bacterial numbers in twice, 


thrice, and four times opened bottles. 

Series 2. Series 2. Series 2. 

Series 3. 


Twice opened 

Three times 

Four times 

Twice opened 


(after 31 

opened (after 

opened (after 

(after 148 

Soil 

days) 

53 days) 

81 days) 

days) 

Untreated 

95-3 

54*8 

59*3 

83*9 

if/100 ... 

482*6 

515*4 

507*4 

196*3 

if/60 ... 

622*7 

873*6 

1061*0 

1073*0 

if/10 ... 

1843*0 

4416*0 

4379*0 

8074*0 

Soil 

Series 4. 
Twice opened 
(after 134 days) 

Series 4. 

Throe times oj)ened 
(after 148 days) 

Untreated 

153*9 

83*9 



iU/lOO ... 124-6 
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The first high rise at MjlO was caused by a bad stopper which allowed 
quick interchange of air while the bottle showing 29 million bacteria 
per gram on the 81st day was fitted with a very well-sealed cork. The 
bottles of series A opened on the fourth day, were only half the size of the 
rest, and so the air space above the soil was much less, leading to very 
slow oxidation and delayed availability of the carbon bisulphide. Con- 
sequently in MjlO on the 147th day the bacteria had only reached 10 
millions above control, whereas in the larger Jf/10 bottles they had risen 
to thousands of millions (8074 million per gram of dry soil). In the small 
bottle the reagent smelt very strong, but it was quite faint in the large 
bottle with very high numbers. The two accompanying tables emphasise 
the fact that the bacterial content of a treated bottle can be modified 
enormously by manipulating the air supply. The enormous numbers 
yielded by carbon bisulphide are remarkable, and are doubtless due to 
sulphur bacteria to a large extent. 

Phenol. Formula C^Hg. OH. Molecular weight 94. Heat of combus- 
tion 732. 



0 15 30 45 60 75 0 15 30 46 60 75 90 105 


Days l>i»Vs 

Fig. IC. Cucumber soil treated with Fig. 17. Cucumber soil treated with idienol; 
phenol; 40 % moisture. Bacterial 40 % moisture. Difference of nitric ni- 

numbers per gram of dry soil. trogen from control in dry soil. 

M/100, M/50 and M/10 doses were apphed to cucumber soil of 40*14 
per cent, moisture, the numbers rising immediately with the weakest 
dose (Fig. 16). Falling from 350 milhon above control on the third day, 
they had returned to control level on the 57th day when the experiment 
was discontinued. M/50 had also almost reached control again, after 
high rises succeeding a shght initial depression M/10 kept the bacteria 
below control for 20 days, but then they rose higher than with M/50 or 
M/100, and were still multiplying at the end of the experiment. 
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Mjli) killed eelworm, reduced fungus growth to a trace, and among 
the protozoa cut down amoebae and killed ciliates, wliile M/iOO and 
M/50 had no effect on these organisms. Nevertheless all three bacterial 
curves appear of one type (Fig. 16). Ammonia accumulates by the third 
day of the experiment, the amount rising with the dose. By the 
15th day it has gone again at the two weaker doses, but steadily rising 
at M/lO reaches 57 parts by the end of the experiment. Hence nitrifica- 
tion is inhibited longest by the highest dose. Undoubtedly the nitrate 
store is temporarily depleted by the bacterial rises at all three doses, 
for it is diminislied in ascending order of dose and in the order in which 
bacterial rises take place, reappearing as the numbers fall again (Fig. 17). 
This is comparable to the ordinary reducing action of carbohydrates in 
the soil. At M/50 there is an actual gain of 43 parts per million by the 
end of the experiment. Mr Sen Gupta, formerly of the Rothamsted 
Station, has published a paper describing his work on phenol. His 
quantitative determinations show rapid disappearance of phenol at the 
M/200 dose during the first two days, while Fig. 16 shows the bacterial 
numbers are simultaneously rising. Phenol-destroying organisms have 
been isolated from the soil by Mr Thornton and Mr Gray, of Rothamsted, 
all this evidence strengthening the argument that the high rises with 
various doses of phenol are due to the utilisation of the new source of 
energy by bacteria. 

Table XXVIII. Phenol, Cucumber soil, 40 % moisture. 

Millions of bacteria present Other organisms 
Grams of chemical ])er gram of dry soil afttT present after 

added per kilo of ^ ^ ^ ^ Protozoa 


diy soil 

3 days 

15 days 

57 days 

3 days 15 days 

present 

Uii treated 

0 grams loo *3 

87*2 

89-58 

Fungi, Fungi, 

eelworm eelworm 

F. C. Am. 


0-94 „ 

504-7 

249-9 

95-5 

99 


Mjm 

1*88 „ 

137-4 

302-1 

118-8 

^9 99 

99 

MjlQ 

9*4 

43-85 

22-01 

800-5 

l<^ungi Trace F., few Am. 

fungus 

Nitrate and ammonia 


Nitrate present after 

Ammonia jircsent afte-r ])r(i8ent after 


( 

3 

15 57 

r 

3 

15 

57 3 15 

^ 

57 

Soil 

days 

days days 

days 

days 

days days days 

days 

Untreated 

540 

582 557 

2-5 

1-7 

0-7 547-5 583-7 

557-7 

Mjim ... 

489 

512 559 

3-0 

2-0 

0-0 472-0 514-0 

559-0 

iU/50 ... 

533 

500 000 

9-0 

2-0 

1-7 542-0 508-0 

001-7 

if/lO ... 

542 

494 440 

10-5 

38-7 

50-2 558-5 532-7 

490-2 


The introduction of the OH group does not cause greatly increased 
stability such as occurs in the case of Cl and NOg groups, while the 
toxicity to eelworm is somewhat reduced. Again, benzene is more toxic 
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to nitrifying bacteria and 117 parts of ammonia accumulate at Mj\0, 
against 66 for phenol, but this comparison is not rigid as the benzene 
experiment was carried out by the Eussell-Hutchinson method wliile 
the phenol experiment was not. 

Ortho Cresol, Formula CgH 4 .CH 30 H. Molecular weight 108. Heat 
of combustion 884. Boiling point 200^^ C. Vapour pressure 1 mm. at 
36" C. 

The experiments were carried out on cucumber soil of 40*7 per cent. 

moisture in corked bottles and also by the Eussell-Hutchinson method. 

« 

Table XXIX. Ortho Cresol. Cucumber soil, 40*7 % moisture. 
Russell- Hutchinson method. 

Millions of bacteria 
present per gram of 

dry soil after Other organisms present after 


Grams of chemical 
added per kilo of 

f 

4 

10 

38' 

( 

4 

A 

10 

38' 

Protozoa 

dry soil 

days 

days 

days 

days 

days 

days 

present 

Untreated 

0 grams 

51 

67-2 

33-2 

Fungi, 

Fungi, 

Fungi, 

F. C. Am. 

ilf/50 

216 „ 

135 

626-6 

2300 

eelworm 

eelworm 

eelworm 

Fungi 

»> 

ilf/10 

10'8 „ 

30 

16-8 

204-7 

Fungi 

Less 

F. C. (Am. 

ilf/2 

540 „ 

45 

16-8 

14-9 


fungi 

(trace) 

modified) 


Ammonia present after 42 days: (1) Control and Jlf/50, 4 parts per million. 

(2) MjlO, 50 parts per million. 


The bacteria rose quickly when ilf/50 cresol was added to soil, and 
the smell soon disappeared. By the 38th day the numbers were rapidly 
decreasing at this dose, and the graph resembled that of phenol. The 
numbers at ilf/lO and ilf/2 suffered an initial depression, a quick rise 
setting in at the former dose on the 17th day while at ilf/2 the numbers 
were still below normal at the end of the experiment. Still, as they were 
undoubtedly rising to control level, a rapid increase would probably 
follow later. In a second experiment where the soils were not spread out, 
ilf/50, ilf/10 and illf/2 were added to a tomato soil of 30 per cent, moisture 
and the smell of cresol was still strong at ilf/2 after 280 days, the numbers 
remaining well below control level. However at ilf/50 and ilf/10 all 
smell was gone and the bacteria had regained control level. 

The inhibition of nitrification lasts longer at ilf/10 than at weaker 
doses, so that on the 42nd day the ammonia content of the ilf/10 soil 
stood at 46 parts above control and ilf/60, ilf/10 kills eelworm, cuts 
down protozoa and reduces fungus growth to a trace, ilf/2 apparently 
kills all soil organisms, but as it persists so long in the soil some may 
only be inhibited. 
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As the toxic value of cresol^ is thus very similar to that of phenol ^ it 
is preferred in commercial glasshouse work on account of its comparative 
cheapness. The usual dose is ilf/50 or -25 per cent, and as this is speedily 
destroyed in soil, the pests it kills must be wiped out soon after treatment. 
“Club” is not cured but only very slightly cut down by the *25 per cent, 
dose and larger doses cannot be used, as they remain long enough to 
injure the crop. 


Part II. 

This section of the paper deals with generalisations concerning the 
behaviour of the series of aromatic .hydrocarbons already described. It 
considers in turn the effect on bacteria, ammonia and nitrate. 

Examination of gelatin plates shows that the whole series appear 
to be attacked by the same or similar species of bacteria. When the early 
history of the rises given by Af/10 is studied, and all the values plotted 
on one graph (Fig. 18) it is found that whether the experiments are con- 
ducted by the Russell- Hutchinson method or not, the series of lines 
representing bacterial rises lie according to the sequence of molecular 
weight and heat of combustion. 

Table XXX. Aromatic hydrocarbons. Cucumber soil, about 40 % moisture. 


Names 

Molecular 

weight 

Heat of 
combustion 

Position on 
graph in 
rising series 

Benzene 

78 

800 

1 

Toluene 

92 

936 

2 

Xylene 

106 

1085 

3 

Pseudocumcne 

120 

? 

4 

Mesitylene . . . 

120 

1252 

5 

Naphthalene 

128 

1235 

6 

Cy mene 

134 

1414 

7 

Pinene 

136 

1489 

8 


This is all the more striking in the experiments carried out by the 
Russell-Hutchinson method since this part of the work was spread over 
two years, and yet the sequence held, despite the facts that the soils 
varied in source and moisture and that the intervals between counts 
were arbitrary and haphazard instead of uniform throughout. Such 

^ The OH group added to toluene gives cresol which is rather less toxic t/O oclworms 
and protozoa. Thus toluene ilf /50 cuts down eelworm but if/ 10 cresol is the smallest 
dose to affect them, and while if/ 10 toluene kills all protozoa but flagellates, some 
amoebae and oiliates survive if/ 10 cresol. 

* The toxic value of phenol and cresol is about the same; as it is for benzene and 
toluene. 
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details were carefully studied for the second series of experiments, but 
the results merely confirmed the first. The sequence becomes obscured 
later on in the experiments owing no doubt to volatility, secondary 
bacterial changes initiated by the early rise already discussed, and to 
the accelerated decomposition of organic matter in these soils. 



Fig. 18. Soil treated with MjlO aromatic hydrocarbons. Difference of 
bacterial numbers from control per gram of dry soil. 

Arranging the rises at MjbO and M/lOO on similar common graphs 
confirms the sequence shown by Af/10, but with the smaller doses volatility 
will of course be a more potent disturbing factor, and the lines representing 
rises caused by the more volatile substance like benzene and toluene 
move out of their true place. This would tend to obscure the sequence 
were not M/10 a guide. The sequence also holds for these doses in field 
soil, as regards the early part of the experiments, but later on is obscured 
by volatility and other factors. Even though the numbers are kept below 
control for at least 60-80 days by M/10 benzene, toluene and xylene in 
field soils, the sequence is there. Therefore, as the sequence always holds, 
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it proves that the rises are caused almost entirely by the actual reagent 
added. 


The agreement between the rises and the molecular weight and heat 
of combustion fails, as is natural when comparison is attempted between 
dissimilar substances, e.y. carbon bisulphide and benzene. The bacteria 
plated are as a rule very different in two such cases. The heat of combus- 
tion of carbon bisulphide is low — only 265, yet the bacterial numbers 
at ilf/lO reach 8000 million per gram. 

When the ammonia values for the same series at Mj\0 (Russell- 


Hutchinson method) are likewise 
plotted on a common graph, the 
sequence holds (Fig. 19). Rut now 
benzene, toluene and xylene stand 
highest, pseudocumene and mesity- 
lene^ are still intermediate while 
pinene, cymene and naphthalene he 
alongside control as they produce 
practically no ammonia. This am- 
monia may serve as an index of the 
relative toxicity of the series to 
nitrifying bacteria, or perhaps of 
ammonifying activity among the 
heightened population and in the 
former and more probable case the 
drop will commence when the nitri- 
fiers revive. This will take place 
when the reagent is largely decom- 
posed and when the numbers are 
falhng again, and indicates that 



suspension of activity rather than 
death of the nitrifiers probably oc- 
curred in all the cases of Partial 


Fig. 19. Soil treated with il//l() aromatic 
hydrocarbons. Difference of amnioniacal 
nitrogen from control in dry soil. 


Sterilisation quoted by Russell and Hutchinson. 

When the nitrate (Fig. 20) and nitrate + ammonia values yielded by 
the aromatic hydrocarbons at MjlO are plotted on common graphs no 
sequence is shown. Pinene giving an immediate rise of 700 milhon 
bacteria causes only a shght depression in the nitrate level, while 


^ i//10 Pseudocumene and mesitylene yield higher numbers by the third day than do 
toluene, benzene and xylene, and with this goes a quicker rise in ammonia. Ultimately, 
however, more ammonia accumulates with the three latter substances. 
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naphthalene^ with 1700 million shows a huge temporary fall. Again 
toluene, with a gradual rise to 450 million bacteria, yields the highest 
increase in nitrate value in the series, while xylene with 116-350 million 


Table XXXI. 


Substance 
Jfef/10 dose 

Psoudocumone 
Mesitylene ... 
Xylene 
Toluene 
Benzene 


No. of million 
bacteria above 
control on 3rd day 

28-6 

84-0 

72-0 (5tli day) 
- 14-0 (5th day) 
-48-5 


Parts per million 
of ammonia 
above control 
on 3rd day 

28-6 

289 

180 

30*7 

16*8 


Highest value 
for ammonia 

60 

70 

122 

140 

120 



Fig. 20. Soil treated with iIf/10 aromatic hydrocarbons. Difference of 
nitric nitrogen from control in dry soil. 


causes an initial depression. Obviously such variations do not go hand 
in hand with numbers, so they must be governed by the activity of the 
particular species of bacteria the reagent calls into prominence. 

^ This fall occurs also when carbohydrates are added to soil (i3), and with phenol, 
xylene and cymene. 
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Part III. 

It is clear from the detailed description of the action of the various 
reagents that all the bacterial rises they cause are temporary and that 
sooner or later the numbers will return to control level. In field soil 
the disturbance may easily be extended over 400-500 days, as the action 
is very slow. 

Six experiments were made to determine whether these rises could 
take place in soil which did not contain any protozoa, and all the results 
agreed in proving this possible. 

Exp. 1 (Fig. 21). Rises produced in steamed soil, where the protozoa 
had been eliminated. Three lots of steamed soil were treated: 

A. Cucumber soil steamed 16 days before for four hours. 

B. Cucumber soil steamed 68 days before for four hours. 

C. Field soil steamed 68 days before for four hours. 

Quantitative determinations showed complete absence of protozoa^ (in 
steamed field soil 12 flagellates per gram were found). Yet no great rise 
in bacteria had been found during the interval of 68 days since B and C 
were steamed. This seemed strange, for steaming is regarded as a classic 
method of ensuring Partial Sterilisation, and yet it was followed by 
comparatively poor rises 2 . The rises quoted by Russell and Hutchinson 
for heat at 65” C. were next plotted, and also found very small compared 
with the results of adding toluene or carbon bisulphide to cucumber 
soils. There was just a possibility that some inhibitive toxin had been 
elaborated by steaming and that its presence might be interfering with 
the expected rise in numbers. Yet at this point in the work the view 
taken was that such rises as occurred were caused by the extra food set 
free on steaming, and that the bacteria could not rise further because 
there was no energy supply to rise on. Therefore M/IO naphthalene, 
M/lOO toluene, and M/50 benzene were added to all three soils, an un-^ 
treated bottle remaining for comparison. (M/lOO benzene was used 
for field soil.) The numbers showed distinct rises in every case (see 
Table XXXII), while the smell of the antiseptic gradually died away. 
The rises followed a course quite comparable with those found in normal 
soil when the reagents are added, but the rate of action was much slower. 

^ See footnote (3), p. 29. 

*'* Cucumber soils were steamed for four hours on various oecaHions and the protozoa 
were always killed, while the subsequent bacterial rise varied su])risingly in different cases. 
In one sample the numbers rose rapidly to 700 million above control by the 18th day, 
but they returned to 30 million above control on the 122nd day, when the extra food 
rendered available by steaming was finished. 
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Tliis is not surprising, as the population was simpler, and it might happen 
that some important factor in the soil which starts decomposition was 
materially weakened by steaming. As an example naphthalene had only 
given a rise of 160 milhon in 13 days against 1300 million in similar un- 
steamed soil. 



Fig. 21. Steamed cucumber soil free from protozoa treated with naphthalene, toluene 
and benzene. Increase of bacterial numbers per gram of dry soil. 

It would be strange if three reagents chosen at random were all 
capable of neutralising a toxin which was repressing bacterial increase 
so effectively that the rise to be expected after steaming was not mani- 
fested in 68 days. 
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It is simpler to believe that the bacteria failed to rise becjaiise there 
was no energy supply, and that they responded as soon as it was added, 
such response being independent of any action on protozoa. 

Table XXXII. Rises in sieaimd soil; millions per gram of dry soil, 

1 )ay8 I )ay8 
since since 


No. of 

soil 

chemical 


steamed 

Naph. 

4- Toluene 

+ Uenzem 

count 

Kteaincd 

added 

Kind of .soil 

only 

M/l() 

M/\m 

MirA) 

1 

81 

13 

“ ( )ld ” ( Ui. ChoniicalH 

107 

252 

119 

114 

2 


21 

added 68 days after 

106 

1418 

178 

189 

a 


,35 

steaming 

129 

1270 

115 

454 

4 


106 


108 

4343 

218 

1490 

5 


128 


244 

— 

466 

— 

1 

32 

16 

“New” Cu. Chemicals 

120 

867 

405 

272 

2 


22 

added 16 days after 

120 

4188 

403 

318 

3 


36 

steaming 

120 

4134 

.391 

401 

4 


110 


120 

3967 

1932 

448-7 

5 


129 


120 

— 

24,100 

— 

1 

81 

22 

“Old” Field. Cliemi- 

29 

53 

96 

104 

2 


34 

eals added 68 days after 

23 

62 

71 

107 

3 


105 

steaming 

12 

37-7 

68 

94-5 


The last three of benzene are il//l()(). 

Although the rate of rise is slowed down in steamed cucumber soil, 
the numbers eventually reached in no way fall short of those attained 
in unsteamed soil. 

The greatest slowing down occurs with field soil, the rises with 
naphthalene toluene, and benzene reaching only 26, 70 and 80 millions 
respectively during the 105 days of the experiment. 


I "^40C 


•3300 

I 200 

K 10c |- 



Fiir. 22. Soil bottled in year 1846 now treated with 3//l()() benzene and Jf/100 toluene. 
lncreas(^ of bacterial numbers per gram of dry soil. 


Exp. 2 (Fig. 22). Eroadbalk soil w^as used wliicli was bottled off in 
1846, and dried down to 3 per cent, moisture in a warm oven in 1860. 
Complete absence of protozoa(i5a) was determined by quantitative tests 
on this sample. The moisture w^as bought up to 12 per cent, wdth sterile 
w^ater, so that bacterial multiplication might proceed at a reasonable rate. 
Three bottles were set up: (a) untreated; (6) ilf/100 benzene added; 
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(c) M/100 toluene added. These were corked and sealed. Estimations 
of the bacteria were made from time to time, a difference arising between 
the untreated and treated samples. After a period of increase the numbers 
returned to control level. Thus, when toluene and benzene are added to 
field soil which contains no protozoa, the usual temporary wave of dis- 
turbance affects the bacteria. They increase for a time in number, but 
gradually fall back to the untreated level. A faint cloudy spot was the 
prevailing type of colony on the untreated plates, but an opaque white 
disc was more prominent in the others. The bacteria present in the dry 
soil must possess very resistant spores, to withstand years of desiccation. 
The gelatin plates showed rather different colonies from those charac- 
teristic of a normal field soil. There were 8*4 million bacteria per gram 
of dry soil at 3 per cent, moisture, but after standing 21 days at 12 per 
cent, the numbers rose to 394 million, and to 831 million by the 43rd 
day. This number, 10-20 times as high as the normal content of field 
soil, indicates an abnormal supply of food resulting in some way from 
long desiccation. Nevertheless the bacteria avail themselves of a still 
further source of energy when benzene and toluene are added, in- 
dependently of the presence or absence of protozoa. 

Table XXXIII. Bacterial rises in 1846 soil. 


No. of 


count 

Days after adding chemical 

Date 

tbntroi 

Benzene 

3'’oluone 

1 

(Benzene and toluene 24 
both smell strong) 

19 Nov. 

831 mill. 

859 mill. 

874 mill. 

2 

(Toluene strong smell, ,35 
benzene fain ter smell) 

30 Nov. 

797-5 

1180 

1026 

3 

(Both have weak smell) 49 

14 Dec. 

980-4 

950-8 

915-0 


Exp. 3 (Pig. 23). Soil recovering from treatment with M/10 toluene 
was re-treated with M/50 toluene. The numbers rushed up again even 
quicker than when M/50 was added to an untreated soiP. The effect 
would have been even more striking had the numbers in the M/10 soil 
returned approximately to control level before re-treatment, but time 
did not permit of this, so the M/10 bottle was taken from three different 
sets, the numbers standing at 2700, 1079, and 380 million respectively. 
After six days in the first case and 10 days in the other two all smell 
of the newly added toluene was gone while the bacterial contents had 
increased to 4942, 2945 and 1523 million, or risen by 2242, 1865, and 
1143 million respectively; rises which obviously increase with the number 

^ The accoleration in speed occurs because the bacteria are already trained to use the 
substance, and because the proportion of trained bacteria in these soils is very high. 
Mr Tattersfield and Mr Thornton of Rothamsted have shown similar accelerated rises 
when further doses of naphthalene and phenol are added to previously treated soil. 



A. Matthews 


49 


of bacteria initially present. The numbers in untreated soil increase by 
1200 million only during the first 14 days after adding A//50 toluene. 
As Af/10 toluene kills all protozoa save 
a few flagellates (quantitative tests(i5a) 
on the 166th day after adding proved 
this) the new 7lf/60 dose cannot affect 
them, so the second rise is obviously 
owing to the utilisation of toluene and 
independent of protozoa. 

This is a third case of huge rises 
following the addition of toluene to a 
soil whence protozoa have already been 
removed, all three instances indicating 
the toluene itself as the source of energy. 

Exj). 4 (Fig. 24). A cucumber soil 
was treated with M/50 chlorpicrin 
wliich killed all the protozoa except a 
few flagellates (this was proved by 
quantitative tests). By the 1 3th day the 
bacteria were reduced by 50 million but 
by the 57th day they had returned to 
control level, at whicli they approxi- 
mately remained for the next 80 days, 
the numbers of species being reduced at 
the same time. Treatment with other 
reagents equally fatal to protozoa, such 
as toluene, results in a great increase 
of bacteria above control. The failure 
of chlorpicrin to produce t]ie same 
result might be due in the first place 
to a toxic dose of this reagent remain- 
ing in the soil. This is improbable, as the 
number of bacteria is about tlie same 
as in the untreated soil, and it could not 
be detected by its odour, wliicli is ex- 
tremely penetrating. The obvious ex- 
planation is that the ditTerence is due to 
the very low food value of chlorpicrin, the larger part of whicJi con- 
sists of unoxidisable substances. The bacteria have not risen because 
no extra energy has been supplied. (The slight rise shown is attributable 

Joum. of Agrio. Soi xiv 4 



Fig. 23. Cm umber soil tieated with 
tolueno; 40 irudstutv. Increases ot 
baot(Tial iiiiruborH per gram of dry soil 
caused by (broken Hn(‘.) one dose of 
MjTii); (full lino) one dose of 3f/.50 
following treatment with 
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to food made available by chemical action.) Toluene ilf/60 was added 
to this soil, and six days afterwards the numbers had risen by 43 million, 
33 days later by 211 million and 23 days later still by 400 million. There 
was no smell of the reagent on the 11th day after it was added. The results 
were confirmed by a second experiment which showed a rise of 425 
million by the 11th day and 618 million 17 days later still. Therefore 



Fig. 24. Cucumber soil treated with chlorpicrin and later with toluene; 40 % moisture. 

Bacterial numbers per gram of diy soil. 

even the simplified population left after treatment with chlorpicrin makes 
use of energy supplied as toluene, and the numbers rise rapidly inde- 
pendently of the presence or absence of protozoa. 

Ex'p. 5. ilf/50 toluene was next added to cucumber soil that had 
almost recovered from treatment with ilf/5() chlor dinitrobenzene. Again 
the population was simplified, but the very high numbers it had attained 
had not quite returned to normal. Time did not permit of longer waiting, 
so quantitative tests were made which proved the absence of protozoa, 
and toluene was then added. For 39 days the smell of the reagent re- 
mained very strong, and no rise in numbers took place, but by the 
62nd day the smell was gone and the numbers had risen by 100 million 
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per gram, a rise which, continued steadily for 34 more days when the 
experiment was discontinued. 

This is another case of utilisation of toluene by the profoundly 
modified population of a soil from which the protozoa had been eliminated 
before the beginning of the experiment. 

Exp, 6. (Figs. 14and25.) A final experiment was made with two bottles 
of field soil, previously treated with 
il//100 and MjbO formaldehyde re- 
spectively. Quantitative tests proved 
that all protozoa were dead at A//50 and 
only a very few flagellates and a few 
amoebae left at A//10(). When formal- 
dehyde was added an initial depression 
in bacteria occurred, but they had 
returned to normal by the 34th day, 
and did not rise further during the 
next 33 days. As has been pointed out, 
formaldehyde is an antiseptic which 
could have at best only a low food 
value, and has the power of reducing 
the food ^^upply already present, so no 
rise is to be expected. It was unlikely 
that any formaldehyde still persisted 
as there was no smell and the numbers 
had been normal for 33 days. Af/lOO 
toluene was added to these soils, and 
some days later a rise was found. In 
the Af/100 bottle it was appreciable on 
the loth day, but at Af/50 it was delayed until the 14th day. The numbers 
on the 16th day stood at 480 million above control in the A//100 bottle, 
and at 140 million above control on the 25th day with J//50. Again rises 
follow when energy is supplied, and this negatives the idea of any per- 
sistent toxic effect due to unaltered formaldehyde. 



Fig. 25. Fiold soil partially storilisod with 
J//100 formaldehyde ; 12-4% moisture. 
Increase of bacterial numbers j)cr gram 
of dry soil caused by adding energy in 
the form of J//1()0 toluene. 


General Discussion. 

The assumption that the sequence graphed in Fig. 18 is due to the 
differences of the heats of combustion requires justification. The se(|uence 
is also shown if molecular weight be plotted instead of heats, and since 
the doses vary as the molecular weights it is possible that the effect is 
due to the weight of food supplied irrespective of its chemical nature. 
The following considerations may help to a decision. 


4—2 
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If soil be treated with M/10 doses of benzene and its mono-, di-, 
and trimethyl derivatives toluene, xylene and pseudocumene there is 
at first a lag, and then the rapid rise sets in on or after the 3rd, 33rd, 75th 
and 151st days respectively. The exact days cannot be determined, but 
it may safely be said that the range is of the order of one to ten. Now the 
range of molecular weights and doses is of the order of one to one and 
a half only, and we may conclude that the difference of lag is due to the 
chemical difference of these closely related substances and not to the 
dose. 

Again, in the assimilation of aromatic compounds the most difficult 
step is probably the breaking of the ring; to quote an analogous case, 
it has been found, by experiments not described here, that cyclohexane 
is much less readily attacked than hexane. Now for each ring broken 
up benzene gives 800 units of energy, but pinene 1489, i.e. nearly 90 per 
cent. more. Pinene is therefore to be expected to provide energy more 
easily than benzene. 

Finally, if the actual percentage weight of the dose is of much im- 
portance we should expect to find that, on the average, varying doses 
of one substance added to soil should produce effects roughly proportional 
to their weights; exact agreement cannot be expected, even assuming 
perfect counts, owing to the varying antiseptic effect of different doses 
on a mixed population. Actually we find that only two of the experiments 
show such a proportionality. 

It is therefore suggested for the present that for closely related sub- 
stances it is the heat of combustion, i.c. the energy available to bacteria, 
which is the deciding factor. 

Large rises follow the treatment of soil with substances, such as 
lime, which are not foods and do not destroy protozoa at the doses in 
question; the effect is plainly due to the food produced by the action 
of the reagent on the soil. Steaming also causes rises, and though it 
kills protozoa the shape of the curve suggests strongly that there is also 
a feeding effect, as is to be expected. 

Russell and Hutchinson showed that some of the substances discussed 
here caused a marked increase in fertility; in view of the experiments 
described this must be ascribed in large part to the rapid breaking down 
of the soil by the increased number of bacteria. The present high cost 
of such chemical reagents renders it improbable that they will be able 
to compete with the cheap commercial fertilisers except when they also 
destroy pests like eelworm and wireworm. 

The question whether they really eliminate eelworm and fungus 
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spores, or simply inhibit them so long as they are not decomposed by the 
soil bacteria, is a most important one, and substances which suggest 
themselves for investigation are cresol, chlorphenol, chlordinitro- 
benzene, etc. An ideal pest killer would be one which lasted in the soil 
only long enough to do its work and then was decomposed by bacteria. 
During early trials it was found that doses fatal to the pests were fatal 
to the crops also, and doses tolerated by the crops spared the pest. 

The use of gelatine plates for counts in the presence of liquefying 
bacteria is open to criticism. At the time that the work was begun there 
was no better method known, and though the gelatine-agar plate was 
introduced by Mr Thornton while the work was still in progress, it did 
not appear to be advisable to change the technique so radically at that 
point. The use of gelatine has at least the advantage of making the work 
comparable with by far the larger part of earlier investigations dealing 
with soil bacteria. 

The method employed in the presence of liquefiers was as follows. 
Three plates were prepared for each count, and if liquefaction occurred 
only such segments were counted as were perfectly dry, and the numbers 
corrected accordingly. If the liquefaction was serious the experiment 
was repeated. In cases where there was reason to suspect the presence 
of liquefiers a count was made on the first day, so as to obtain at least a 
minimum number as a guide. 

Fortunately tlie rises observed were so large that very serious errors 
in the counts would have made no difference to the conclusions drawn. 
The general agreement of the curves is a strong argument for their 
accuracy as guides to the general course of events. 

Lastly, the large number of counts made as controls on untreated soils 
failed to show under the conditions of the experiments any great saw- 
edged curve such as Mr Cutler has proved for soils under field conditions. 
Maximum and minimum counts stand at 270 and 30 millions for cucumber 
soil, at 168 and 16 millions for tomato soil, and at 111 and 37 millions 
in field soil, with means of 90, 90 and 60 respectively. 

Summary. 

1. Quantitative determinations have been made of the effect on soil 
protozoa and bacteria of various antiseptic substances, including benzene 
and its homologues and derivatives, carbon disulphide, ammonia, 
formaldehyde and chlorpicrin. Ammonia and nitrates were determined 
at the same time in many cases. The effect on fungi, eelworm, etc., was 
also determined roughly. 
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2. It was found that nearly all the substances disappeared from the 
soil fairly quickly and at the same time the numbers of bacteria fluctuated. 
The usual march of events was that the bacteria were reduced in number 
for the first few days, then rose to a maximum and finally fell slowly 
towards normal. The whole fall was sometimes very slow and the whole 
process was much slower in field soil than in the richer, lighter and better 
aerated greenhouse soils. 

3. Aeration was found to have great influence on the rapidity of the 
changes. 

4. The increase of the bacteria during the early days of an experiment 
varied in the same direction as the molecular weights and heats of com- 
bustion of the antiseptics and is attributed to the latter property. 
Naphthalene, for instance, which has a large heat of combustion, caused 
enormous rises, while benzene with its lower heat caused smaller rises. 

5. This rise was independent of the effect of the substance on the 
protozoa. Both naphthalene and toluene in large doses cause high rises; 
the first has no effect on the protozoa, while the latter kills all amoebae 
and ciliates. 

6. Similar results were obtained w^hen the experiments were made on 
soils already free from protozoa, such as a field soil which had been in 
bottle for 76 years, soil in which they had been killed by steaming, and 
soil in which they had been killed by antiseptics. If the protozoa were 
killed by the use of a strong dose of a suitable antiseptic and the soil were 
then set aside for a long period, a second dose caused an even greater 
rise than the first. 

7. It is therefore concluded that the rise in the number of the bacteria 
is largely due to the feeding effect of the antiseptic on the bacteria and not 
only to the destruction of the protozoa, and that the increased fertility 
observed by Russell and Hutchinson is to be attributed in large measure 
to the activity of the greater bacterial population in breaking down the 
organic matter of the soil. Bacterial rises following treatment with lime 
or steam are similarly caused in part by the preparation of the plant 
residues. 

8. Aliphatic compounds cause quicker but smaller rises than those 
of aromatic series. 

9. The introduction of a CHg group into the benzene ring lessens 
toxicity to soil organisms, while a single Cl or nitro-group increases both 
toxicity and stability in the soil. 



A. Matthews 


55 


Appendix. 


It will be useful to arrange the various nitro and chlorine derivatives 
of benzene in descending order of toxicity to eelworm fungi and protozoa, 
so that the effect of introducing the various groups may be emphasised. 
When phenol, cresol and anilin were examined, similar effects were to 
some extent apparent. 

Table XXXIV. 


Protozoa Eelworm Fungi 



introduced 

Dose which 

Fatal 

Dose whidi 

Fatal 

Dose which 

J'’atal 

Effect on 

Chemical 

into ring 

cuts down 

dose 

cuts down 

dose 

cuts down 

dose 

bacteria 

Benzene 

— 

ili/in 

— 

A//50 

1//10 

A//10 

— 

High rises 

Chlorbenzene 

Cl 

— 

— 

— 

i//50 

M/10 

— 

No rise 

Dichlorbenzene 

2C] 

— 

— 

— . 

i//200 

iSlroiiiilv M/10 

— 

Poor rise 

Nitrobenzene ... 

NO. 



A//10 

iU/2(X) 

M/KX) 

St rongly AI/50 

V<‘i'V strongly M/5() 



Kise 

Dinitrobenzene 

(NO,), 

(only 

_ 

_ 

A//2(X) 

to M/10 

Very si rongly A//10 



High rises 

o-Chlornitru- 

benzene 

CINO, 

ciliates left) 

Above M 50 



A//2(X) 

A//50 

M/IO 

No rise 

Nitrodichlor- 

benzene 

N0,.2C1 

Above il//50 

_ 

Mim 

A//100 

M/50 


No rise 

Clilordinitro- 

benzene 

C1(N0,)2 

Ai/500 

jIf/200 

A//200 

A//500 

A//200 High rise 

Dichlordinitro- 
benzene A ... 

2C1(N0,), 







iU/()0 

V ery si rongly M/60 M/30 

Fair rise 

„ B ... 

-- 

— 

— 

— 

J//100 

Very strongly M/50 M/10 



Table XXXV. 


Lists arranged in descending order of toxicity to 


Eelworm 

1 . Chlordinitrobenzene 
o-( ;hloniitro benzene 
Dinitrobenzene 
Dichlorbenzene 

2. Nitrodiclilorbenzone 
Nitrobenzene 
Dichlordinitrobenzene 

3. (dilorbeuzene 

4. Benzene 

Protozoa (incomplete) 

1. Chlordinitrobenzene 

2. Nitrobenzene 

3. Benzene 

4. Dinitrobenzene 


Fungi 

1. Chlordinitrobenzene 

2. Dichlordinitrobenzene 

3. o-Chlomitrobenzene 

4. Nitrobenzene 
Dinitrobenzene 

5. Nitrodichlorbcnzene 

0. Chlorbenzene 
Dichlorbenzene 
Benzene 

^Stability in soil 

1. Chlorbenzene 

2. o-Chlornitrobenzene 
Nitrodiolilorbenzeno 
Dichlorbenzene 

3. Dichlordinitrofienzene 

4. Nitrobenzene 

h. Chlordinitrobenzene 
Dinitrobenzene 

6. Benzene 


In the last list the substances are arranged in the order of their 
stability. 

The above lists indicate that, generally speaking, benzene is least 
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toxic and cUordinitrobenzene most toxic to soil organisms, yet they 
stand next to one another as regards quick decomposition and provision 
of energy for bacterial growth. A chlorine group by itself, or with a 
nitro group, or again, two chlorine groups with one nitro group produce 
great stability in soil. One or two nitro groups or two nitro groups 
combined with one chlorine group forjn an unstable product on which 
soil bacteria thrive abundantly. Much quantitative work remains to be 
done before such a table can be reliable, e.g, weaker doses of the two forms 
of dichlordinitrobenzene might be found effective as pest killers, thus 
necessitating a change in tabulation. Yet as a preliminary qualitative 
basis for rigid quantitative work these lists are useful. Regarding the 
application of these reagents to infected soil, two points urgently require 
further investigation : 

(а) Is the action on fungus spores and eelworm fatal, or merely 
inhibit! ve while the reagent is present? If it is inhibition, does the 
reagent injure the growing crop? 

(б) Will the spores revive after the disappearance of the inhibitive 
reagent in cases where it serves as bacterial food? 
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THE MANURTAL PROPERTIES OF LEAD NITRATE. 


By KEGINALD ARTHUR BERRY, Ph.I)., F.I.C., 

Professor of Agricultural Chemistry, West of Scotland College 
of Agriculture, Glasgow. 

Introduction. 

This investigation was undertaken in response to an enquiry respecting 
the value of lead nitrate as a source of nitrogen for manurial purposes. 
The ordinary commercial outlets for lead nitrate at the present time are 
in the manufacture of paper, printing ink and paint, also, in -calico printing, 
where it is employed as a mordant. In the early stages of the War it 
was used as a shell-filling compound. Scrap lead is generally employed 
for its manufacture; a process which is protected by several patents^. 
The trade in this commodity is relatively small. 

Lead compounds like a number of other mineral salts are well 
known as plant and animal poisons. While this class of substance is 
poisonous at relatively high concentrations, at low concentrations many 
of them are plant stimulants. As stimulants they differ from the ordinary 
plant nutrients in that they are not indispensable and that plant growth 
is not controlled by their supply, nor do they appear to form a normal 
constituent of the tissues of plants. As to the mechanism of their action 
upon the vital processes in plants, a discussion upon this point is outside 
the object of this short paper. 

The action of lead nitrate upon plant growth is complicated by the 
fact that (!) the salt supplies nitrogen in an available form, (2) its 
fertilising properties may be completely destroyed by the toxicity of the 
lead, and (3) interaction between the salt and the soil constituents. With 
the object of elucidating some of these points, water culture, pot and field 
experiments, were undertaken. 

Water Culture Experiments. 

Oats var. Potato. 

These were carried out with the object of determining the toxic and 
stimulating limits of lead nitrate in solution. Stimulation was measured 
by the increase produced in the total weight of plant. In certain cases, 
1 Lead nitrate, manufacture of, W. Mills: Eng. Pat. 6143, 1904; U.S. Pat. 779,092, 1905. 
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the weight and length of root and stem were recorded separately. The 
death point was taken as being the stage when the plant flagged and 
turned yellow. 

To eliminate as far as possible errors due to parental differences in 
individual grains, ‘‘singles” were separated from a number of in- 
florescences. The grains varied in weight from 0-04 to 0*045 gram. 
Germination was produced in sawdust and when the blade was 3" long 
the complete plant was lifted and transferred to the solution under 
experiment. The average weight of plant at this stage was 0*129 gram. 
The plants were held in position by placing through a hole in a cork 
plugged with cotton wool, inserted into the neck of a bottle; the roots 
being immersed in the solution. Brown paper was wrapped round the 
bottle. Corks and other utensils were sterilised in boiling water. In the 
making of the distilled water a tin condensing worm was employed. It 
was not practicable to use a distilling apparatus wholly of glass and a 
silver or platinum apparatus was not available. 

The average result of seven separate experiments is given below. 

Average weight of plant in grammes 


/Oncentration 

Load nitrate 

Lead chloride 

1 

: 78 

0128 

— 

1 

: 15t) 

0143 

0-130 saturated solution 

1 

: 312 

0-150 

0-141 

1 

: 025 

0-159 

0-147 

1 

: 1,250 

0-195 

0-162 

1 

: 2,500 

0-199 

0-171 

1 

: 5,000 

0-201 

0-190 

1 

; 10,000 

0-215 

0-190 

1 

: 20,000 

0*230 

0-222 

1 

: 40,000 

0-279 

0-224 

1 

: 80,000 

0-299 

0-231 

1 

: 100,000 

0-282 

0-242 

1 

; 320, OCX) 

0-280 

0-244 

1 

: 040,000 

0-274 

0-277 


Control 

0-201 

0-251 


Tte figures are represented graphically in Fig. 1 , p. 60. 

Taking the control as representative of normal growth, it is evi- 
dent from the curve that concentrations of the nitrate from about 
1 : 40,000 to 1 : 640,000 caused stimulatioUj the maximum effect being 
produced at a concentration of about 1 : 80,000. Below 1 : 40,000 re- 
tardation occurred progressively with increase in concentration. Death 
occurred within eight days in all concentrations up to 1 ; 20,000. With 
the chloride no stimulation occurred until a dilution of about 1 : 340,000 
was reached. Toxicity was more pronounced with the chloride than with 
the nitrate. 
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Soil Culture Experiments. 

A preliminary experiment was first carried out with oats and Italian 
rye grass, with the object of comparing the effect of nitrate of lead and of 
nitrate of sodium containing equal weights of nitrogen. The same number 
of seeds was sown in pots each holding 40 lbs. of soil (Holmes farm) 
to which was added a manurial dressing of superphosphate of lime and 
muriate of potash. A solution of nitrate of sodium containing 9*96 grams 
dissolved in 500 c.c.s of water and a solution containing the equivalent 
in lead nitrate was added to the respective pots in quantities of 125 c.c.s 
at a time. The control pots received an equal volume of water only. 



- • Lead chloride. Lead nitrate. 

Fig. 1. Average weight of plant in grams. 


Growth in the pots receiving nitrates was much stronger and the 
foliage was greener than in the control. Where lead nitrate was added 
it was noticed the plants possessed sUghtly broader leaf blades, and 
the colour of the fohage was, if anything, of a darker shade, compared 
with the plants to which nitrate of sodium was applied. The lead nitrate 
solution was three times the concentration of the strongest solution used 
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in the water culture experiments. The ratio of salt to soil was 1 : 1125. 
The result showed that the toxicity of highly concentrated solutions 
of lead salts such as the nitrate and the chloride is destroyed by the 
presence of soil. 

As a result of the preliminary trial two series of pot experiments were 
carried out. Light sandy soil from Gargeston was used in vseries I and 
soil from Holmes farm in series II. 

Series I consisted of three pots each in triplicate as follows: 

Pot 1. Untreated. 

,, 2. Nitrate of sodium. 

,, 3. ,, lead. 


The pots were sown with rape, a quick-growing plant. The weight 
of nitrate employed was the same as that used in the preliminary trial. 
One-half was sown at seeding and the remainder applied as a top dressing. 
The effect on the plant of the lead salt was again visible in the darker 
colour of the leaf and a crop was produced which appeared to be equal 
in growth to that produced by nitrate of sodium. Owing to damage 
caused by a storm of wind and rain the plants were not weighed. 

Series 11 consisted of five pots in duplicate. Each pot was sown with 
oats (var. potato) and dressed with superphosphate of lime and chloride 
of })otassium. Tlie nitrate was a])plied in equivalent quantities, likewise 
the lead. The same number of plants were grown in each pot. Date of 
sowing May 30th, and of cutting September 14th, 1921. 

The scheme of manuring and the weight of total crop (dry) are given 
below : 

Pot 1. No nitrogen 250*0 gms. 

,, 2. Nitrate of sodium 309*1 ,, 

„ 3. „ lead 293*7 „ 


,, 4. Acetate of 


215*1 




,, 5. ,, ,, nitrate of sodium 312*0 ,, 


By an inspection of the above figures it is evident that lead nitrate 
can be used with advantage as a substitute for nitrogenous manures 
such as nitrate of sodium. Acetate of lead used alone in the quantity 
employed had a slight toxic effect. 

Jjead })oisoning of both crops and stock are known to occur in the 
neighbourhood of lead mines, tJie toxic compound generally being galena. 

Griffith^ found that the addition of galena to a fertile soil in quantities 

^ Griffitli, J. J. Influence of mines upon land and live-stock in Cardiganshire. Journ. 
Agric. Sri. 9, Pt 4, p. 388, 1919. See also Plumbism, or lead-poisoning, by E. Morgan, 
Journ. Univ. College of N. Wales Agric. Dept. 8, 29-41, 1915. 
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amounting to 0*4 per cent, of the total weight of soil only lowered the 
fertility to a comparatively slight extent. 

The toxic and stimulating limits of lead nitrate in presence of soil 
was next determined. For this purpose further pot experiments with 
oats were carried out in the autumn of 1921. Two series were started 
in the month of October, the pots being kept under glass. Gargeston soil 
was used in each case. 

Series /. Each pot received, in addition to nitrate, a dressing of 
superphosphate of lime and of muriate of potash. 

Series II differed from the former in that chloride in place of nitrate 
of lead was used; equal weights of lead being applied. In other respects 
the pots (2 to 5) received the same dressing as No. L The salts were 
mixed with the soil before sowing the seed. 

The treatment and average results obtained are shown in Table I 
below. Duration of experiment 7e3 days. 

Table I. 


Series I Series H 

Lead nitrate Lead chloride 

Weight of plant (gm.) Weight of plant (gm.) 



Lead nitrate added 

. -A.- 


^ 

^ 

Pot 

Percentage of soil 

Total 

Stem 

Total 

Stem 

1 

Sodium nitrate 0*044 

2*800 

2*164 

2*897 

2*452 

2 

f » „ 0*022 





(Lead „ 0*045 

2*953 

2*245 

3*394 

2*562 

3 

Lead nitrate 0*09 

2*495 

1*836 

2-941 

2*190 

4 

„ » 0*17 

2*512 

1*730 

2*817 

1*874 

5 

„ „ 0*34 

2*280 

1*612 

1*464 

0*762 


The following conclusions are drawn from the above figures: 

1. Lead nitrate is slightly superior as a nitrogen fertiliser to that of 
nitrate of sodium; the superiority being due to the stimulating action 
of the lead. 

2. Applied in amounts equal to 0*09 per cent, of the weight of soil 
lead nitrate is slightly toxic. At a concentration of 0*34 per cent, serious 
harm to the crop was visible. 

Voelcker^ found that the addition of lead salts up to 0*1 per cent, of 
the weight of soil caused no decrease in the total yield of crop. 

Field Experiments. 

Small plots of one two-hundredth of an acre were laid out at Holmes 
Farm in the spring of 1921 and sown with oats var. potato. The scheme 
of manuring is shown below. Nitrate of sodium was applied at the rate of 

^ Voelcker, J. A. Pot culture experiments. Woburn ExpU Station^ p. 30, 1915. 
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1 cwfc. per acre and the lead salts containing the equivalent nitrogen. 
The salts were finely ground and mixed with sand so as to ensure uniform 
distribution on the soil. The seed was sown on April 28th. One-half the 
nitrate was applied on May 24th and the remainder on June bth. 

Plan, 

No manure Lc^ad nitrate Sodium nitrate 

Sodium nitrate No manure Lead nitrate 

The plants growing on the lead nitrate plots again showed slightl}^ 
greater leaf development and were a shade darker green in colour com- 
pared with the plants on the nitrate of sodium plots. The average size 
of grain and the date of ripening were practically alike for the manured 
plots. Owing to losses of grain from attacks of birds it was of no advantage 
to weigh the produce, but samples of both grain and straw were kept 
to test for the presence of lead. These plots are to remain down for a 
number of years, the treatment being the same each year; the produce 
to be weighed and analysed. 

No brace of lead could be found in the produce from the plots treated 
with the lead salt. Griffith found that oats growing on soil contaminated 
with lead (()‘41 per cent.) yielded an ash containing ()*()7 per cent, of lead. 
The concentration of lead in the present case, however, would only be 
about 1 in 10,000. 

Reaction between Soil and Soluble Lead Salts. 

It is clear as a result of the foregoing experiments that soil reduces 
the toxicity of lead salts in solution. The reduction is so pronounced that 
a concentration in waiter poisonous to plants, produced in presence of 
soil a marked stimulation. The cause of the reduction in toxicity would 
appear to be due bo tlie removal of the greater part of the lead from the 
sphere of action. Retention in a more or less insoluble condition of the 
basic radicle of many soluble salts is one of the characteristic features 
of soil properties. Interchange of bases between soil constituents and 
salt or adsorption by colloid complexes in soil largely account for the 
phenomena of retention. In the present case insoluble sulphate and 
carbonate of lead would probably be formed also. Jensen^ found that 
quartz alone reduced the toxic effect of poisonous salts particularly in 
dilute solution. 


^ Jensen, G Botanical QoLzette ,^ 3 , p. 44, 1907. 
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In 1921 some experiments with soil and aqueous solutions of lead 
salts were started, an account of which is given below. 

100 grams of soil were shaken up with a solution of lead nitrate 
1 : 10,000 and after standing with occasional shaking for 24 hours, the 
liquid was poured off, filtered and tested for lead. No lead could be 
found. 

In another case soil to a depth of 8| inches was placed in two inverted 
Winchester bottles with the bottom cut off. In No. 1 water and in No. 2 
the strongest nitrate solution used in the experiment on p. 69 was drained 
through and the drainage tested for lead. Reactions for nitrates were 
obtained in both cases but no trace of lead by colorimetric tests could 
be found, except in No. 2 and then only after successive quantities of 
the lead solution had been filtered through. 

Retention of lead varies according to the ratio of the reacting sub- 
stances, as shown in the results of the following experiment. The same 
initial concentration and volume of lead salts w^as used, but increasing 
quantities of soil. Oat ])lants w^ere grown in the liquid after it had 
remained in contact with soil for 21 hours, poured off and filtered. The 
plants were w^eighed and the average figure is given below. In tlui 
control water and soil w’cre used. The experiment started on April 5th 
and was completed by April 26th, 1922. 

Av. weight of 
coinpleto plants 


N( . Soil : Pb (NOg )2 (gnis.) 

1 1 : 0 ()()4 0-304 

2 1 : 0-032 0-422 

3 1 ; 0-016 0-633 

4 1 : 0-008 0-943 

5 1:0-004 1-094 

6 Control 1-337 


Solutions Nos. 1 to were poisonous. No. 4 slightly toxic. No. 5 
plants quite healthy. 

Colorimetric tests for lead showed that the amount left in solution 
decreased as the proportion of soil increased. No. 5 still gave a test 
for lead. 

The soil left in No. 1 Winchester after standing for some time had a 
rather unpleasant odour, whilst the soil left in No. 2 had not. To account 
for this it w^as thought that the presence of the lead might have affected 
the bacterial flora of the soil. With the object of obtaining an indication 
of this the rate of production of nitrates in the soil was determined. 
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Lead Salt and Nitrate Production in Soil. 

Three large Buckner funnels each holding 7 lbs. of soil were fixed 
into a box, sunk into the soil and left exposed several months in the 
summer of 1921. No. 1 had sodium nitrate, No. 2 lead nitrate in the same 
proportion as used in pot experiment (p. 60) mixed with the soil, No. 3 
soil alone. The drainage water was collected, evaporated and tested for 
nitrate by colorimetric tests. The tests showed definitely that the drainage 
water from the soil to which was added lead nitrate contained more 
nitrate than the drainage water from the sod to which nitrate of sodium 
was applied. An aliquot portion was evaporated to dryness, ignited and 
weighed; the weights being: 



Total solids 

Ash 

No. 

(gms.) 

(gms.) 

1 

0-847 

0-492 

2 

1-000 

0-492 

3 

Ool 

0-327 


Further tests on the above lines are being carried out. 

Conclusions. 

Lead nitrate, as a source of nitrogen for fertilising purposes, is equal 
to nitrate of sodium when applied in quantities equivalent to those 
employed in agricultural practice. Its effect on the plant was to produce 
a slightly broader leaf blade and a deeper shade of green compared with 
the effect produced by nitrate of sodium. No difference in root develop- 
ment was observed. 

Used in the amounts referred to, no trace of lead could be found in 
the plant, neither could any lead be detected in a solution made by 
extracting the treated soil with water. 

Toxic and stimulating limits of lead nitrate and lead chloride were 
determined in water and in soil cultures. Except in solutions of fairly 
high concentration soil adsorbs the lead and destroys the toxicity of 
soluble lead salts. 

There was evidence to show that the addition of lead salts increased 
the rate of nitrification in soil. 


(Received May Sth, 1923.) 
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PART II (continued). 

§V1I. Tillering. 

Considerations which are dealt with at length in Appendix III 
governed the form of the investigation upon tillering. In essence, the 
intention was to compare the pure lines P and A and to explore the 
possibilities of making accurate determinations of tillering. For reasons 
discussed in the Appendix, special steps were taken to secure for observa- 
tion a population of plants which had had as great a uniformity of 
conditions as was attainable. The selection and sowing of the seed have 
been described in § I above. To promote further uniformity, plants of 
the following categories were excluded from observation : (i) all the plants 
of end rows; (ii) the end plants of all rows; (iii) plants which did not 
germinate on 26. iii. or 27. iii. (these days constituted the “modal” 2-day 

^ Part I and Part II, §§ i-vi, with Appendices i, n and iv and the appropriate tables 
appeared in this Journal, Vol. xiii. Part 4, October, 1923. The paper will be completed 
in the next two numbers of this Journal. In every number a complete bibliography will 
be given, but of the tables only those concerned will be published. 
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period of germination for the whole population) ; (iv) plants damaged to 
a noticeable degree by wire- worm or any other such agency ; (v) plants 
whose immediate neighbour(s) in the row had died. 

There was a separate record for every plant and on four occasions 
in the first two months of growth the number of tillers on every plant 
was counted. Later counts proved impossible because of the size of the 
plants. On the first occasion the number of leaves also was recorded. 

Emphasis must again be placed on the fact that every tiller large 
enough to be seen, was counted. It was impossible to record the sizes 
of tillers and equahty in number often accompanied disparity in size. 
Thus of two plants, each of two tillers, the first might have two small 
tillers and the other, one large and one small. 

The results of the counts are contained in Tables I-XI and the key 
which precedes these tables indicates the date to which every table 
refers, the numbers of the beds, and the spacing intervals. Every bed 
consisted of two plots, the one containing P the other A, and the varieties 
alternating from left to right of the key. Throughout the tables the errors 
affixed to the means are standard errors {al\/n). 

An idea of the general stage of growth reached at every count is 
afforded by § ITT above — Field Notes on Growth. 

The results of the counts may now be examined in turn : 

(A) Leaf Devehpnient on 21. iv. 

After 21. iv. the leaves were too numerous for reliable counting and 
no other leaf counts were made. Up to that date the leaves of the tillers 
had not unrolled so that number of leaves refers to main-axis leaves 
only. Tables Ia-IVa contain the results. 

The eight distributions (for two pure lines at two spacings and in 
duplicate beds) are all clearly bi-modal. All have their first mode at 3-0 
(3 leaves and no tillers). The position of the second mode is not quite 
constant. For the 2-inch spacing it is in all cases at 4-1 ; for A at 4-inch 
spacing it is also in this position; but for P at 4-inch spacing it is at 4*2. 
In all cases duplicate sowings, e.g, P in Bed 5 and Bed 6 have identical 
modal positions. Thus the bi-modahty of the distributions is well marked 
and concordant. It will be observed that in every distribution some 
90 per cent, of the population is concentrated at the modes (3-0 and 
4*1~4*2). These two classes seem, indeed, to mark definite stages of 
morphological development, the protrusion of the first side tiller being 
nearly always synchronous with the appearance of the fourth leaf of the 
main axis. Harlan (H) has shown that a number of well-marked morpho- 
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logical stages can be demonstrated in the early development of many 
barley varieties. 

For a comparison of the tillering of P and A and of growth at the 
two spacings it is convenient to tabulate the percentages of plants at 
or beyond the 4*1 stage on 21. iv. The results are: 

4-inch 2-inch 

Bod 5 Bod 6 Bed 7 Bed 8 

P ... 72-66 84-47 44-49 60-95 

A ... 70-05 76-00 63-07 62-51 

It is seen that at 2-inch spacing A is in advance of P in both the beds. 
The order is reversed in both the 4-inch beds. No definite reason can be 
advanced for this reversal but in the light of the inter-varietal root 
difference described in § III above an explanation might, perhaps, be 
hazarded. 

The plants have already — three weeks after germination —given 
evidence of the influence of spacing upon tillering and leaf formation. 
That inter-plant competition may be demonstrated at an even earlier 
stage is apparent from the results recorded by Prescott (29) for maize. 

Although the distributions of Tables Ia-IVa are very regular, it is 
significant that they furnish clear evidence of the beginnings of great 
inter-plant developmental differences. Thus in Table III a, for instance, 
38 per cent, of the plants are at 3-0 while 31 per cent, at 4*1, a morpho- 
logical “step” in advance. Such early differences are likely to be pre- 
determinative and do not augur well for the uniformity of the population 
at maturity. They illustrate in a forcible way the need for some system 
of repeated selection of samples such as is suggested in § VI II. 

In the data wliich has been given the actual numerical differences 
between P and A are too small to signify. Possibly, however, the reversal 
of their order of tillering from the 2-inch to the 4-inch spacing does 
reflect a varietal difference. 

(B) Tillering on 21. iv. 

Tables I-IV contain the data. 

Comparison of P and A in terms of the mean number of tillers per 
plant reveals, perhaps necessarily so, a difference between the 2-inch and 
4-inch spacings of the kind recorded in regard to the proportions of 
plants which had reached or passed the 4*1 stage. A is ahead of P for 
the 2-inch spacing and behind it for the 4-inch. The actual differences 
are, however, not significant in terms of the standard errors (bottom 
row of table). 

The sequence of the means across the plots is to be noticed. Comparing 
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members of duplicate pairs, e,(j. P Table IV and P Table III it is seen 
that there is always a decrease from right to left (except in A Tables IV 
and III). This seems to indicate a progressive falling away of soil fertility 
or some other circumstance affecting growth. 

For an erratic attribute such as ‘tillering’’ the standard errors of the 
means are not very great and to this extent the method of the experiment 
appears satisfactory. 

(C) Tillering on 28. iv. 

The observations are for Bed 8 (2-inch spacing) only and are con- 
tained in Table V. The distributions are wider than those of the previous 
count but the standard errors of the means remain of reasonable magni- 
tude. The difference of the means is again in favour of A but it is small 
in comparison with the errors involved. 

(JJ) Tillering 07i 7. v. 

One bedfor each spacing was counted, viz. Bed 5 for 4-inch (see Table VI) 
and Bed 8 for 2-inch (Table VII). The distributions are again wider, the 
significant ranges being 2-6 tillers per plant for 2-inch spacing and 
2-7 for 4-inch. Standard errors of means continue to be of practicable 
magnitude and the distributions are free from irregularities. It is un- 
necessary to discuss the P-A numerical differences since they are again 
too small to signify. 

(E) Tillering on 25. v. 

This, the last count before harvest, is for plants two months after 
germination. The magnitude of the errors of observation due to sampling 
at this stage may be judged from Table VIII. Here the errors are bigger 
than in any other case but a difference of unity between two means 
would be significant. The criterion is the standard error — a higher one 
than that of probable error which is customarily employed. 

Again, no significant difference between P and A is traceable but 
the gradation of soil character suggested by the results of 21. iv. is once 
more represented in the sequence of corresponding means from right to 
left across the beds. 

(F) Conclusions ujmn P mid A, 

Table XII, a summary of mean values for the successive counts, 
shows that : 

In Bed 8 A first exceeds P, is then equal to, and finally below it. 

„ 1 A exceeds P consistently. 

„ 6 P exceeds A consistently. 

„ 5 P exceeds A, is then below it, and finally again exceeds it. 
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Thus the week to week sequence is irregular. And further, as has been 
pointed out, the numerical differences between the two varieties are in 
all cases not of significant magnitude in terms of the errors involved. 
It is to be concluded therefore, that in the circumstances of the experi- 
ment, P and A show no positive difference in tillering up to and in- 
cluding 25. V. Possibly an exception is to be found in the reversal of 
order of tillering between the 2-inch and 4-inch spacings [see (A) and 
(B) above]. Even in this respect the difference must be very small and 
could only be established by further test. 

Ear-formation is dealt with in subsequent paragraphs but it may be 
observed from Table XIII that P and A show, in regard to that attribute, 
no positive difference. 

General field experience suggests that in most years .4 tillers more freely 
than P. It is possible that the severe drought of 1921 set a sharp limit 
to tillering in both the varieties and so masked an inherent potential 
difference between them. Prom one year’s observations such a possibility 
cannot be tested. 

(G) Conclusions concerning the Method Employed. 

In comparison with other methods, a considerably increased accuracy 
was achieved. It resulted from careful seed selection, regular sowing, and 
the exclusion of all plants which had obviously been exceptionally 
circumstanced. Such exclusion greatly reduced the experimental popula- 
tion. A severe wire-worm attack was largely responsible for the losses 
and, it must be remembered, the death of one plant involved the rejection 
of two others. For Bed 7 the losses are represented by the following 
table ; 

Excluded because Theoretical Actual 

Variety Sown of end position balance balance on 21. iv. 

P... 698 94 604 389 

A... 698 94 604 443 

The counting of tillers on young plants is very laborious and every 
step which, by promoting uniformity, can reduce the permissible size 
of the experimental population, is important. A procedure such as that 
described promises to be practicable in point both of accuracy and of 
manipulation. 

§VIII. Time of Flowering. 

For reasons fully given in Appendix V it has been concluded that: 

(i) Time of Flowering is a reliable varietal “character.” 

(ii) The relation of the flowering times of the individual tillers of 
the plant may be connected with the yielding power of the variety. 
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In hybridising many of the barleys (including both P and A), 
experience has shown that the emasculation of the female parent should 
be performed when the awns of the ear have emerged about one inch 
from the top leaf sheath. At this time the anthers are sufficiently green 
to make their removal safe and the stigma has just become receptive. 
Consequently this degree of awn emergence was taken to indicate 
“flowering time.” Harlan (see Appendix V) has already recorded the 
successful use of such an index. 

Red wool was tied to the first car of every plant, white, blue, and 
green being used in turn for the subsequent ones. The date of “flowering” 
was recorded for every ear of every plant and thus it was possible to 
identify the first, second, etc., ears and to obtain their flowering dates. 

As for observations of tillering (see § VII above), data were derived 
solely from plants which had satisfied certain specifications as to con- 
ditions of growth. In the tables of results and in the text “emergence 
of the ear” implies the emergence of the awns from the top leaf sheath 
to a distance of an inch and this, as has been explained, is taken as 
indicative of “flowering.” Observations were made on the mornings of 
alternate days commencing on 11. vi., the day on which ears began to 
emerge. They ceased on 19. vi. for after that date the few plants that 
pushed out more ears were almost entirely ones which did not meet the 
requirements of the specified uniform conditions. Beds 5 and 8 had been 
seriously depleted by flowering time for dry-weight determinations and 
no data were derived from them. 

In discussing the data, the following subjects are considered, but their 
inter-relations do not permit of rigidly paragraphic treatment: 

(i) Comparison of P and A. 

(ii) The inter-relations of the tillers of the plant. 

(iii) The relation of time of flowering to tillering in the earlier stages. 

(iv) The relation of time of ripening to the number of ears ripened 
per plant. 

Table XXIII shows the date of emergence of for the complete 
populations. For the 2-inch spacing A is somewhat earlier than P and 
for the 4-inch the difference is quite pronounced. In this comparison, 
as in those that follow, it is not desirable to compare mean values, for 
the differences involved are small, and the counts were made on alternate 
days. General form of distribution, position and prominence of its mode 
etc., are, in the circumstances, the safest criteria. It seems that at both 
spacings .4 is a little earlier than P. The fact that, for the greater spacing, 
A is earlier than for the lesser, is not certainly significant — the difference 



72 Investigations on Yield in the Cereals 

is but slight. For both varieties the dispersion of the distribution is less 
at 2-inch spacing than at 4-inch but even the greater dispersion is 
sufficiently limited to justify the conclusion that the date of emergence 
of Tq accepted as a “constant character.” 

The number of plants at the 4-inch spacing is too small to allow further 
analysis and the remaining considerations therefore relate exclusively to 
the plants grown at 2-inch spacing. For these {vide Table XXIII) the 
modal day of ear emergence was 13. vi. for both P and A. On the 
assumption that the date of emergence of is an index of development, 
those plants whose 1\ emerged on 13. vi. may be regarded as a more 
uniform population than the whole bulk and therefore as a suitable one 
for determining the time relationship of and Tg. Table XXIV con- 
tains the required data. P is slightly in advance of A in the emergence 
of both Ti and — the difference is very small — and for both varieties 
the mode of the distribution is about mid-way between 13. vi. (the 
Tq date) and 15. vi. while the Tg modes are at 17. vi. Thus in both the 
varieties the ears of and Tg emerged very soon after that of Tq. The 
right-hand column of the Table shows that over 90 per cent, of the 
plants put forth their in the period 11. vi.-19. vi. while 70 per cent, 
of them put forth, in addition, their Tg. It may be noted that for plants 
whose Tq emerged on 15. vi. the and distributions have well-marked 
modes at 17. vi. and 17. vi.-19. vi. respectively (the distributions are 
similar to those of Table XXIV). Thus it seems that date of emergence 
of is correlated with date of emergence of and Tg. To evaluate 
actual correlation coefficients a very great number of observations would 
be required. The fact that the method used is able to demonstrate the 
small time difference for and Tg between the plants which put forth 
Tq on 13. vi. and 15. vi. respectively indicate the sensitiveness of the 
correlation. 

It will be recalled (see Table III a) that the distribution of number 
of “leaves and tillers” on 21. iv. was bi-modal — the modes were at 3*0 
and 4*1 — and it was suggested that these values should be regarded as 
denoting successive stages of morphological development. In Table XXV 
are given the frequency distributions of the date of emergence of Tq for 
the plants which constituted the “modal classes” on 21. iv. For both 
the classes there is a close similarity between P and A and for both the 
varieties it is clear that the (4*1) population was ahead of the (3*0) 
in the emergence of Tq. The difference is small but it is to be regarded 
as significant — the time of flowering of has already been shown to 
possess a high constancy. There is evidence, then, to the effect that early 
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leaf formation and tillering are correlated with subsequent behaviour: 
or in phraseology sometimes employed, that early conditions have a 
marked “pre-determining” effect on after development. 

The remaining tables afford further test of this principle. They 
indicate, briefly speaking, the following facts: 

Table XXVI — the population which was (4*1) on 21. iv. put forth 
more ears per plant during the period 11. vi.~19. vi. than did the popula- 
tion which was (3-0) on 21. iv. 

Table XXVIII (compare with Table III a) — the plants which put 
forth Tq on 13. vi. (and thus were in advance of the general population 
on that date) were, on 21. iv., similarly in advance in leaf and tiller 
formation. 

Table XXIX (compare with Table X) — the plants that put forth Tq 
on 13. vi. were similarly in advance of the general population in tillering 
on 25. V. 

Table XXVII (compare with Table XXIII) shows that, in the 
emergence of Tq, plants which succeeded in ripening 3 or more ears at 
harvest were in advance of the general population. (See Table XIII for 
percentages of the whole population which ripened < 3, 3, and > 3 ears.) 

It is to be observed that the advancement displayed in Tables 
XXVI-XXIX is upon the whole population. The advance upon the rest 
of the population is, of course, more marked. In Table XXIX the average 
number of tillers per plant is 3-34; A =3*51 while in Table X 
(general population and therefore including the plants of Table XXIX) 
it is P = 3-16; A = 3-33. 

It is concluded that, for the populations concerned, P and A showed 
a very close similarity in time of flowering whether judged by the time 
of Tq for the plant or by the inter-relations of The possible 

relation between the time data for and Tg yi^ld, is reserved to a 
later paragraph: but it is quite clear that and arising much later 
than Tq’ hasten to the flowering stage and reach it only 2 and 4 days 
(respectively) later than T^. This fact is of some interest as the following 
hypothetical case shows. Consider a plant which was 4-1 (4 leaves 
and 1 tiller) on 21. iv. Its main axis (T^) emerged from the ground on 
27. iii. (only such plants were included in the observations). Its second 
side tiller (Tg) cannot have emerged from the leaf sheath before 22. iv. 
at the earliest. If the emergence of Tq from the soil and of Pg from the 
leaf sheath are roughly comparable (the sizes of the two young shoots 
are roughly equal) then the minimum difference in age of Tq and Tg 
at flowering time must be the period 27. iii. to 22. iv., i.c., 26 days. 
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Nevertheless, in an average case, only 2-4 days separates the times of 
flowering. The shorter period of development is correlated with a smaller 
yield of grain (vide §§ IX and XI wliich follow) and the ages of the several 
tillers are likely to be related to the yield of the whole plant. It is quite 
clear that the origin and nature of inter-tiller differences of final develop- 
ment must be sought in the juvenile development and not in the times 
of flowering of the tillers, for these are levelled up in a manner which 
obscures the earlier differences. The data afford no evidence concerning 
Tg, etc., for very few plants ripened more than three ears. It was pointed 
out in § III that many late tillers died down at an early age. 

Corresponding to the rapid advance towards flowering of and Tg — 
which results in their flowering very soon after Tq — there is evidence 
of similar rapidity on the part of the main axes of plants wliich, early 
on, were poorly developed. For example (see Table XXV) the (3*0) 
plants (on 21. iv.) though morphologically well behind the (4*1) (on 
21. iv.) flowered (Tq) only some 2-4 days later. The tendency of plants 
and tillers variously developed in the early stages, to flower all within 
a limited period, is indeed, very well marked. 

Some interest attaches to the suggested ordered relationship between 
development in successive morphological phases of the life of the plant. 
Great differences in an early stage are to be expected to be followed by 
differences in all subsequent stages but the results here described indicate 
that the phenomenon is demonstrable even when the juvenile differences 
are small. From the general consistency of the results it is concluded 
that the morphological features observed — numbers of leaves and tillers, 
dates of emergence of Tg, etc. — are useful guides to development. 

It is explained in a later paragraph that in efforts to determine rate of 
increase of dry matter, etc., the difficulty of drawing uniform and repre- 
sentative samples was almost insuperable. The results above described 
suggest an improved method of sampling. Single plant records, the 
exclusion of outside and other objectionable plants, and periodic counts 
of tillers, etc., would have to be made (as described above). Starting 
from the observation of date of germination, the “modal-class” plants 
of one week would, alone, be observed in the following week (the other 
plants would, of course, be left to grow on). From the distribution (of 
number of leaves or whatever character was most appropriate at the 
time) the “modal class” would again be determined and this alone would 
be observed at the next observation time following. Every week, the 
dry weight or other experimental sample would be drawn from the 
“modal class” of the week. Large sowings would be necessary for this 
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method but it appears to afford a measure of improvement upon the 
samphng methods commonly practised and wliich, for barley, have been 
found most unsatisfactory (see § X). 

§ IX. Weight of Grain, Weight of Straw, their Ratio, and 
Number of Grains for the Individual Tiller. 

Reasons have been advanced in Part I for the study of ‘'yield per 
plant” as a necessary step towards the full understanding of “yield per 
acre.” Reliable “per plant” determinations are obtainable by averaging 
a suitable number of observations upon single plants. The number of 
single plants required, i.e, the size of the sample, is an important 
consideration. For a specified degree of accuracy, it depends upon the 
magnitude of plant fluctuation in respect of the attributes concerned. 
The greater this fluctuation, the larger the “sample” which must be 
observed, and therefore the greater the labour. In plant breeding, the 
reduction of routine labour is of first importance so that it is very 
desirable to investigate the phenomena which regulate its amount — 
plant to plant fluctuations. To some extent, sucli fluctuation may be 
lessened by the special precautions in growing and sampling material, 
which have been described in connection with “tillering” (§ VII) and 
“ time of ripening ” (§ VIII). Precautions involve extra labour and thereby 
to some extent counterbalance the saving which results from reduced 
fluctuation. It is necessary then, to assess the merits and demerits of 
such precautions and to test the possibility of their leading to reliable “per 
plant” determinations from samples of the size, say, of an family. 

A direct study of the nature and amount of “plant to plant fluctua- 
tion” is therefore necessary. Experience with graminaceous plants 
indicates that the most obvious and potent factor in this fluctuation is 
likely to be the phenomenon of “tillering.” Plants which tiller have a 
distinctive constitution. There is a seminal root system whose precise 
share in the activities of the whole plant has never been determined, 
and in addition, every tiller develops an adventitious root system of 
its own. Whether, among the tillers, there can occur a translocation and 
interchange of the products of root absorption and photosynthesis, it is 
impossible to say. Possibly a graminaceous plant should be regarded 
not as a unit — in the sense that a plant of e.g. Helianthus annuus is so 
regarded — but as a colony of individuals the younger at first dependent 
on the others but later, self established and competing with them. 

In the absence of knowledge upon these fundamental points, it is 
difficult even to surmise as to the probable relations subsisting between 
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tillers. That the tillers tend to display a gradation in size is a very familiar 
fact but to formulate a working theory of yielding power, it is necessary 
to know the form of this gradation and the extent of its constancy. 

With the purpose of casting some light upon this matter, tiller by 
tiller weighings of grain and straw were made for selected P and A 
populations. To make the test a crucial one, these populations were 
rigidly selected on lines which appeared likely to ensure a high degree 
of uniformity. The requirements imposed in drawing the sample have 
in part been described already but that the significance of the method 
and the results may be properly appreciated, the whole must be com- 
pletely stated here. The plants were drawn from Bed 7 (2-inch spacing) 
and no plant was included unless it: 

(i) Germinated on 26. iii. or 27. iii. — the days on which the great 
majority of the P and A populations germinated (the modal days). 

(ii) Appeared to have remained undamaged by wire-worm, accident, 
or in any other manner throughout growth. 

(iii) Was a non-terminal plant of a row or come from a non-end row 
of the Bed. 

(iv) Had a surviving plant on each side of it througliout life. 

(v) Put forth Tq on 13. vi. 

(vi) Put forth Tq, and Tg within the period 13. vi.-19. vi. (both 
inclusive). 

(vii) Ripened 3 and only 3 ears at harvest (this was the modal 
number for the complete P and A populations). 

(viii) Not damaged during harvesting or storage. [Dried leaves are 
apt to be lost, grains to fall, etc., from ripe plants and there were heavy 
losses from this cause.] 

In the preparation of the ground, the selection and sowing of the seed, 
etc., great care was exercised. 

The weights recorded are for air-dry and not oven-dry material. 
At harvest, every plant was enclosed in a stout paper wrapping and 
stored in the laboratory. Under such conditions changes in water 
content are small. Check-weighings of straw and grain samples thus 
stored were made daily over a three month period and the changes were 
less than 1 per cent. For every tiller the following determinations were 
made: 

G ^ weight of grains. 

S = „ straw. 

P = „ rachis. 

n = number of grains. 
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It was impossible to prevent small pieces of lamina of the bottom 
leaves, etc., from becoming detached in the packet and impossible to 
tell from which tiller they came but such losses were too small to upset 
the results at all seriously. 

Only 24 plants of P and 31 of A from Bed 7 fulfilled all the require- 
ments of uniformity and these alone were weighed tiller by tiller. Printing 
costs make it impossible to publish the complete weighings and only so 
much of the collected data will be given as is absolutely essential. The 
numbers of observations are, of course, inadequate to strict numerical 
deductions — correlations, etc. — but they suffice for certain qualitative 
inferences, as to inter-tiller relationship and serve to illustrate the 
fluctuation. 

In the values of G, S, n, and Gjn (average weight of a single 
grain) there is observable, from the full data, a clear tendency towards 
the gradation to which reference was made above. But, 

although the plant populations were so rigorously selected, even the 
sequence {Tq>T^ > is not displayed by every plant in respect of 
these four attributes. The ratio GjR — grain weight to rachis weight — is 
extremely irregular showing neither constancy from plant to plant nor 
regularity of sequence among the tillers of the individual plants. For 
Gj{S -I- R ) — ratio of grain to straw— the constancy and regularity are more 
marked than for GjR but, even so, the order of magnitude is 
for some plants, for others, and, indeed, all the possible orders 

are exemplified. 

Clearly then, the plant populations here considered, despite pre- 
caution, are far from uniform. The dates of emergence of and Tg? 
given in Table XXX are fairly even and, of course, the date for Tq 
was in all cases 13. vi. But in regard to yield of grain per plant the 
irregularity is very great as Table XXXI shows. In the table, the plants 
are simply cast into groups of close-lying individuals — there are no regular 
class limits. It will be observed that tliere is a very compact group of 
A plants varying in yield from 436 to 442 and perhaps the briefest and 
most forcible way of numerically illustrating the fluctuation above 
described will be to give the fulldata for this compact group. TableXXXII 
has been constructed for this purpose. It needs little comment. The 
proportions of the plant’s yield of grain kx^ated in the separate tillers 
are decidedly fluctuable — compare, for example, columns 1 and 2 of the 
table. Straw-distribution is even more irregular and — vide column 5 — 
two tillers may bear about the same proportion of the total grain and 
yet have very different weights of straw. The values of GIS-\-R sum- 
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marise in a striking way, the lack of regularity. Table XXXIII presents 
the fluctuations for the whole P population from a rather different 
aspect. It shows that the value of Q for is not necessarily — not even 
probably — an index to its value for or or for the whole plant. 
The average weight of a single grain is, perhaps, the most consistent of 
the “weight attributes.” 

The data of this paragraph do not contribute to a comparative study 
of P and A, 

In regard to the practice of plant breeding from the standpoint of 
yield, these conclusions have a considerable interest. By taking pre- 
cautions in growing and sampling, there has resulted a uniformity whose 
effect is valuable and apparent in work upon tillering and time of 
flowering. But the same precautions, reinforced by other and more drastic 
ones, fail to produce any well-marked uniformity in the weight attributes 
of single plants. It cannot be said that no increase in uniformity results 
from the precautions — experience with less carefully drawn samples 
vouches for this — but it has to be concluded that, full precautions not- 
withstanding, the chance of reliably determining yield per plant from 
small samples is a remote one. Judging by this investigation, for every 
100 seeds planted, only about six finally acceptable plants will be obtained 
and these will be far from uniform. In plant-breeding practice, an Pg 
family averages probably 150-250 plants. The seeds from which they 
are grown are likely to be much less uniform in size and maturity than 
those picked for this experiment and thus the proportion of “ acceptable ” 
plants might be less than 0/100. To these considerations must be added 
the fact that the complete Pg families from a cross — usually 400-600 
in number — would cover a much greater area than did the P and A 
populations and thus, almost inevitably, would involve considerable soil 
differences. All the difficulties which thus promise to confront attempts to 
compare Pg families for yield per plant, lie in wait for endeavours to 
construct a theory of yielding power based on single plant performance ; 
and in this case their effect is likely to be even more mischievous. 

Fluctuation, as a universal phenomenon, is a subject of much interest; 
in a limited population of barley plants it has, perhaps, a special interest, 
for a certain amount of data is to hand concerning its possible causes. 
Thus, for the restricted P and A populations dealt with in this paragraph, 
it is known that so far as concerns germination, spacing, freedom from 
mechanical injury, time of emergence of Tq, and number of ears ripened 
at harvest, there was uniformity. For the seven plants of Table XXXII 
moreover, there was uniformity of total weight of grain formed. All these 
attributes then may be set aside. Each has an uncertain significance 
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but it cannot be employed in explanation of the inter se differences of 
this small population. Other sources of difference must be sought and 
of these the soil naturally comes to mind first. Now, for a pure line, 
equal yields from separate plots would ordinarily be accepted as proof 
of soil uniformity on all the plots. On this argument the seven plants 
whose total yields were the same, would have to be regarded as having 
utilised volumes of soil of identical manurial properties. But these plants 
display a fluctuating division of the total weights of grain and straw 
among their tillers (every plant had 3 ear-bearing tillers) and this 
fact requires further explanation. It might be argued that the volume 
of soil drawn on by a single plant is itself irregular. This is doubtless true 
but the fact is offset by what is known of the graminaceous root system. 
The common seminal roots, and the adventitious roots of the separate 
tillers, form a closely interlaced system and thus every tiller probably 
draws from all the parts of the total volume of soil by which the plant is 
nourished. It seems then, that the customary appeal to “ soil differences ” 
must here almost reach its limits of application. Present knowledge of 
the graminaceous plant, limited as it is in ways already described, 
appears to offer few other possible explanations. Light intensity has 
been proved in a broad way to affect tillering and it may be that shading 
effects play some part in determining the relative sizes of the tillers of 
a plant. Tillers usually arise just below the surface of the soil and if a 
seed be planted deep (say 3-4 inches) the tillers in the axils of the lowest 
foliage leaves do not develop. Thus depth of sowing — and doubtless 
other circumstances — influence the “order"’ of the tillers. There seems 
no reason why a second order tiller should not produce grain equally 
well, ceteris paribns, as one of the first order but there are no recorded 
facts by means of wliich to decide this issue. The functional inter- 
relationships of the tillers of a plant are entirely unknown and it is 
possibly in terms of these that an explanation should be sought. 

The difficulties and irregularities encountered are, perhaps most of 
all, a reflection of the arbitrariness and biological indirectness of the 
economically important attributes, weight of grain and weight of straw. 
That an “ attribute ” is economically important and amenable to accurate 
measurement is no clue to its biological significance. From the degree 
and the varied forms of the fluctuation displayed by “ weight of grain,” 
it seems that this prime agricultural attribute is but a vague manifesta- 
tion of actual physiological potentialities. The resolution of “yield” into 
physiological rather than algebraic components thus presents itself as 
of immediate practical urgency. 

(To be continued.) 
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Appendix III. The Problem of “Tillering.” 

“Tillering” has attracted agricultural attention for centuries. Jethro 
Tull who explains the meaning of the word^ is insistent upon the en- 
couragement of tillering by “hoeing” and thereby the increasing of 
yield. Some of his observations suggest that he considered the practical 
limitations of tillering, to wit that only so many tillers are desirable as 
can be made to bear good ears and brought to maturity. A recapitulation 
of all the pubUshed results relating to tillering would be voluminous and 
the more helpful course seems to be a brief review of the general trend 
of opinion and result. 

Most investigation has been directed towards one or more of the 
following subjects: 

(i) The circumstances which influence tillering; 

(ii) Inter- varietal differences in respect of tillering; 

(iii) The morphology and physiology of tillering. 

(iv) Various aspects of the commonly accepted “relation” between 
yield and tillering. 

(i) The relation of tillering to circumstances of growth as governed 
by climate, soil, and agricultural practice has probably led to more 
investigation than any other aspect of the “tillering” problem. That this 
is so emphatically demonstrates the prevalence of the view that “good 
tillering means good yield.” Leaving aside temporarily certain special 
cases, it is possible to precis most of the results into the simple statement 
that, ceteris ^paribus, the better the conditions of growth the greater the 
number of tillers per plant. In fact “tillering” is simply one of the 
indications of degree of success of growth. Investigations such as those 
of Percival(5) on wheat, of Summers ( 27 ) on rice, and of Barber ( 24 ) on 
the sugar-cane afford abundant detailed evidence of the influence of 
varying “ agricultural ” conditions upon tillering. Other records supple- 
ment these but it is needless to dwell on them. Percival concludes, after 
his elaborate investigations, that hereditary characters affect tillering 
but “the stem production attained by any particular kind is due in 
largest measure to the action of those external conditions which check 
or assist vegetative growth generally.” 

There are one or two cases worthy of special mention. Harlan (ii) 
grew a 6-row and a 2-row barley at three different spacings, viz., 4" x 8", 
Y X 4", and 4" x 2". The average numbers of tillers per plant were, 

1 “To tiller is to branch out into many stalks, and is the Country Word that signifies 
the same as friUicare.'* 
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for the spacings in turn, 2*9 and 6-1, 2*7 and 4-5, 1*3 and 2*3. It is clear 
that in the case of one of the varieties (the 6-row) an increase of spacing 
beyond 4" x 4" led to no real increase in tillering. Percival {loc. cit. 
p. 77) relates an interesting experience with a dense-eared wheat sown 
in autumn upon soil in very poor heart. Areas per plant of 6, 18, and 36 
square inches all gave about 1*5 to 1*8 tillers per plant whereas spacings 
of 72, 144, and 576 square inches gave 2*9, 4*0, and 7*0 tillers per plant. 
There is nothing to indicate the statistical probability of these numbers 
but their sequence certainly signifies. Harlan’s result may perhaps be 
met by the hypothesis that the 6-row barley has relatively to the 2-row 
a very small root-range horizontally — observation of other barleys 
suggests that this is not improbable — but Percival’s result does not 
appear to admit of a simple root explanation. Conjectural explanations 
of this kind very commonly centre upon the root system and these 
two sets of data suggest that mucK may have been lost by omitting 
actual observation of the root in investigations bearing upon the relation 
of tillering to various ‘"conditions.” 

Another of the lesser-studied tillering influences is size and quality 
of seed sown. Information is somewhat scattered but the comprehensive 
literature-survey of Kidd and West (28) enables its general scope to be readily 
gauged. Usually the aim has been to demonstrate direct relationship 
between size of seed and final yield, references to tillering being more or 
less parentheti(*, Kiiidla y ( 2 .*)) worked directly upon tillering and tested 
the elTecIs of large and small seeds in both oats and barley. He was 
satisfied that plants grown from large seeds produced a greater number 
of tillers than those from small. Unfortunately there is ground to sup^^ose 
■ — as lie indicates in the case of similar results with clover — that he was 
working with a mixed {i.e. non-pure-line) stock. Percival {loc. cit. p. 74) 
gives average numbers which emphatically vouch for the dependence of 
tillering on seed size. The relation between the N percentage of the 
mother seed and the number of tillers (which form ears) is clearly 
shown by the results which Beaven(io) gives. Within the hmits which 
he explored, the more nitrogenous the seed the more freely did the 
resulting plant tiller. The extremes were, for N percentage 1*79 and 
1-40 and the corresponding numbers of tillers per plant 1-67 and 1*19. 

Light, perhaps, of all the suggested influences, has received the most 
scant attention. Percival {loc. cit.) for wheat and Barber for the sugar- 
cane {loc. cit. Part IV) both insist upon its importance; indeed the latter 
represents it as the most important of the circumstances which govern 
tillering (for sugar-cane in the districts in which he grew it of course). 

Joum. of Agrio. ScL xiv 


0 



82 Investigations on Yield in the Cereals 

Without special arrangements it is impossible to vary the quality or 
intensity of light while leaving other circumstances unaltered, and in the 
absence of more comprehensive and analytical investigation caution 
seems to be demanded as to opinions upon the exact effect of light. 

(ii) Tillering as a varietal character is of great moment in plant 
breeding. Enough is known of the effects of soil, manuring, time of 
sowing, etc., upon tiller formation to permit some sort of control to be 
exercised in farming practice. And despite unpromising conclusions upon 
the relative importance of “race’’ and “environment” such as that 
quoted above from Percival, the fact that inter- varietal differences have 
been demonstrated ought not to be ignored. However small the influence 
of hereditary characters on tillering, it may yet be enough to turn the 
scale, to add a small percentage to average yield. 

Until recently it was generally held that in crop plants outstanding 
desirable features could not be combined in one race. As an invstance, 
high yield and good baking quality were supposed to be incompatible. 
This is now known to be fallacious. Similarly large ears and high tillering 
power are by many regarded as incapable of combination — in Mendelian 
terms, low yield and large ears show complete hnkage ! In all three of 
our common British cereals there are facts to suggest such linkages. 
Percival finds the rapid growing spring “ vulgare” wheats to tiller better 
than the thicker-^trawed winter ones. Among the barleys, as is commonly 
known, the 6-row types in general tiller less prolifically than the 2-rows. 
In oats, again, it is probable that Tartarian forms usually have a poorer 
tillering value than the “sativa” or open-panicle ones. It is gradually 
becoming apparent that there are partial linkages in the cereals. Their 
elucidation will call for much more investigation but in the meantime 
practical plant-breeding results are encouraging. In addition to the 
high-yielding strong wheats there are (on the continent) some 6-row 
barleys which tiller far better than the old British types. These facts 
suggest that preconceptions concerning incompatibility may be mis- 
conceptions and that efforts to “breed for high tillering” may yet be 
rewarded. 

Few have made varietal studies upon tillering. Harlan (ii), working 
with rather small numbers of plants in order to encompass many varieties, 
showed that in the time and manner of the formation of the first tiller, 
varieties did exhibit appreciable differences. But in general he found 
tillering not very amenable for, as he says : “ the number of culms per 
plant seems to be a varietal character but one which is so dominated 
by environment as to make it impossible to determine when it is given 
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true expression..,. In this investigation the number of tillers was recorded 
on over 20,000 plants without being able to discover a method of using 
such information for minor distinctions as was possible, for instance, 
with the time and method of tillering.” His finding was very forcibly 
confirmed by growing varieties in two very different localities, a step 
which led him to say that “the response to geographical location is a 
disturbance sufficient to vitiate all close distinctions... even the groups 
are often re versed... but in extreme cases the effect of environment 
does not conceal the character.” Results such as these open up possibilities 
of useful experiment but it will be necessary to determine not only the 
number of tillers but the extent of their final development. Perhaps 
the intangibility of so many of the investigations upon tillering has its 
origin in the fact that observation has been confined to number of tillers. 
At any rate, the work of Percival, Harlan, and Barber has shown how 
small is the value of this isolated observation. Summers ( 27 ) found clear 
evidence of varietal differences in the cultivated forms of rice with which 
he worked. 

(iii) Admirable accounts of the morphology of tillering have been 
written by Barber for the sugar-cane and by Percival for the wheat 
plant. Morphologically, the phenomenon is not an involved one being, 
of course, simply the development of axillary buds ac'companied by the 
growth of adventitious roots from the nodes. It is quite different with 
the physiological aspects. Knowledge of the circumstances which pro- 
mote or inhibit axillary- bud developnnnt is still only general and 
superficial. 

There is much to suggest that a cereal plant should be regarded as 
a colony of individuals — at any rate after the early stages — and not as 
a unit. Whether one tiller can profit by the activities of another has not 
yet been determined, for the lines and methods of transfe^rence of photo- 
synthetic and root-absorption products in the graminaceous plant remain 
unknown. Consequently it is impossible to say whether late tillers which 
fail to form an ear are, in relation to yield, a help or a hindrance. If 
their products are translocated to the ear-bearing tillers they are naturally 
an asset. If not, they compete for the salts and water of the soil and their 
contribution to the harvest is straw alone. 

During the past three years experiments have been directed towards 
this question. They have taken the form of the removal of leaves and 
developing ears in various combinations. For instance, on some plants, 
all the ears were removed save one. This ear developed to no greater 
extent (as judged by average size of grain) than did corresponding ears 

6—2 
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on comparable plants which had not been treated. In experiments of 
this kind the greatcvst caution in deduction is demanded but the general 
indi(;ation is that tillers are independent units. Evidence of another kind 
has been accumulated. The ear and straw of the successive tillers — 

7 2 , ... — show a gradation in weight. Usually Tq is the greatest and 
the others follow in sequence. In proportion of nitrogen to dry weight 
the order is generally the reverse of this. No special importance attaches 
here to the exact sequence but it is to be observed that the total nitrogen 
absorbed by the plant is not so distributed as to ensure a uniform 
concentration in all tillers at maturity. When it is recalled that the tillers 
are of different ages, physiologically as well as chronologically, this result 
is to be expected and, indeed, the individuality of the tiller seems almost 
self-obvious. Yield analysis can be achieved only in terms of fundamental 
units and should therefore, it seems, take the tiller rather than the plant, 
as the unit of observation. 

Waldron (26) has deduced formulae for the rate of culm -formation 
(i.e. tillering) in Bromus inermis. His results demonstrate that tillering 
activity is related to the size of the plant as judged by the number of 
its existing tillers. It follows from this that tillering data should be 
derived from a population of plants selected because of the uniformity 
of their initial tillering. In later paragraphs it appears that such a 
selection seems to offer the only chance of reasonably restricting the 
fluctuation of other variables and a method of procedure is suggested 
in § VIII of the text. 

(iv) The relation between yield and tillering as commonly conceived, 
is a statistical problem. For its solution data of two distinct categories 
are requisite. It is necessary first to know the form of the relationship 
for different populations of one pure line grown on a variety of soils 
and in successive years. Then again, comparisons must be drawn among 
suitably grown populations of different pure lines. From the considerable 
body of more or less relevant published results very little can be extracted 
which is of critical value in either category. The most direct evidence 
appears to be that from various chess-board trials of yield which have 
from time to time been made. Their results have not been published 
in detail. Certain facts stand out from the 1911-14 Cambridge Barley 
Trials. Correlations were evaluated among the following variables : 

(a) Yield per plot. 

(р) Number of surviving plants per plot. 

(y) Average number of ears per plant for the plot. 

(S) Average weight per ear for the plot. 

(с) Number of ears per plot = (j3) x (y). 
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For all the varieties in turn, (a) was more highly correlated with (e) than 
with any other variable. Next in order was the correlation between 
(a) and (y). This, however, was not high, the reason being readily apparent 
from an inspection of the data. On some of the plots for whicli (y) was 
fiigli, (a) was low <and for these it was found that (jS) also was low. 
Many plants had died and, although tlie survivors had tillered very 
freely— thus making (y) high — this had failed to compensate f(^r the 
loss in number of plants, a loss which had induced the low value 
of (a). 

Inter- varietal comparisons revealed complexities. In one year variety 
A might have a greater yield than B and statistically the difference was 
attributable to the superiority of A in respect of (y). Next year A might 
again out-yield B but statistically for a different reason viz., superiority 
in respect of (S). Complexities of this kind are to be expected since 
variables (^), (y), and (8) are known to be interdependent. Although it 
is extremely difficult to assess the relationship of these separate variables 
to yield per unit area, it seems justifiable to assume, from the general 
trend of the chess-board results, that as among populations of one pure 
line or as between different pure lines, tillering is fundamentally 
related to yield. At present neither the results here described nor any 
others appear to permit the extension of this simple generahsation. 

The “tillering problem” remains obscure and for its further elucida- 
tion investigation upon the following matters seems to be essential: 

(a) Methods of measuring tillering at various stages with an accuracy 
greater than that customarily achieved. 

(P) The relation between early tillering and final ear forjuation. 

(y) Inter-tiller relationship for the single plant in regard to time of 
formation and final development [since yield per acre depends upon the 
sizes of the tillers as well as their number.] 

(8) The practicabiUty of restricting experimental populations to 
plants grown at uniform spacing [the chess-board correlations clearly 
show the obscuring effects of spatial fluctuation.] 

Essays on these lines have taken the form of investigations upon early 
tiller formation [§ VII of the text], inter-tiller relationship [§ IX] and 
the relation of tillering to yield per plant [§ XI]. 
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Appendix V. Time of Flowering and Time of Ripening; Definitions, 
Genetic and Other Evidence of the Reliability of these Two 
Characters; their Possible Relation to Yield. 

In general practice it is safe and simple to classify cereal varieties 
as early or late in regard to flowering and ripening. For experimental 
purposes the extent of earliness or lateness must be precisely measured 
and flowering and ripening have to be defined. That, as between varieties, 
lateness imphes heavy yield — or, better, that earliness prohibits it — is 
very generally held. To examine various definitions, to seek for evidence 
of a relationship to yielding power, and to assess the reliability or 
constancy of these two time characters, a brief survey of experimental 
results is desirable. Genetic results are the most valuable for they have- 
involved the most critical tests. 

Bif[en(3i) in a wheat cross (Polish x Rivet) found very clear evidence 
of simple 3 : 1 segregation in regard to ripening of the grain. He foimd, 
too, that the ripening character was quite independent of the general 
“habit” of the plant. For example, among the Fg plants of obvious 
Polish habit, there was a regular (1:2:1) distribution of the three 
degrees of ripening which he distinguished. 

Caporn(33) in an oat cross, defined ripeness as the disappearance of 
the last traces of green from the tips of all the paleae. He does not 
appear to have dealt with separate tillers — some of which may lag far 
behind in the oat — but to have waited until all were ripe before accepting 
a plant as “ripe.” His observations were confined to Fg families and the 
parents. “Period of ripening” was the form of measurement and it was 
defined, for any population {e.g. an Fg family or a population of a parental 
strain) as the period between the dates of ripening of the first and last 
plants to ripen. Of the 106 Fg families raised, all had earlier periods 
than the late parent while all but two had later periods than the early 
parent. The results were obscure but it was concluded that time of 
ripening was “ Mendelian ” and that possibly three factors governed it. 
The following passage is of interest in connection with yield : “ the tillering 
of late forms is always good; that of early, very poor. Owing to the 
concentration of growth among early plants into one or two panicles 
only, these are generally bigger and bear better grain than those of late 
plants; but this advantage does not compensate for the diminished yield 
due to the small number of heads. There is thus an inevitable sacrifice 
of crop when it is attempted to render a late kind early.” This view, 
unsupported by data, demands cautious acceptance. 
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Freeman (34) in a wheat cross, investigated “date of first head,” 
i.e. of the emergence of the first ear of the plant from the top sheathing 
leaf. His ultimate conclusion was that “all the phenomena can be 
explained by assuming that heading-date is governed by three or more 
Mendelizing unit factors. No attempt was made to determine the number 
of factors but there were reasons for supposing it to be rather large.” 
From this conclusion it might be inferred that ‘ date of first head ” was 
a character exhibiting an exceedingly comphcated mode of inheritance. 
But certain facts must first be weighed, viz. (i) only 230 of the 2546 Fg 
plants were grown on to Fg and these were definitely “selected” ones, 

(ii) the parental populations were not pure lines but “mass selections,” 

(iii) deductions were based upon the principle that if segregation is taking 
place, the mean value of the coefficient of variation {(jjM) for Fg families 
will be less than that for Fg families since, in a self-pollinating plant the 
“percentage of heterozygosity” will decrease from Fg to Fg to F^ and 
so on. An observed decrease in ajM will thus imply the operation of 
segregation. Not much was to be expected, perhaps, from such a non- 
analytical method and the more so that g for some of the Fg families 
was based upon 12-15 plants only. 

Thompson (37) investigated for ten wheat crosses the inheritance of : 

“ripening period” = number of days from sowing to ripening, 
“heading period” = number of days from sowing to heading. 

It is not clear whether the first or all of the heads of a plant were used 
to decide its ripeness. [“A plant was called ripe as soon as the central 
kernels reached the dough stage.”] For every cross, the frequen(‘v 
distribution of “ripening period” was plotted for the complete Fg and 
proved to be uni-modal. With “time of heading” the same procedure 
led to the same result. No precise conclusion was reached concerning 
inheritance. Some of the Fg’s were small (the ten crosses contained from 
102 to 541 plants per Fg) and no Fg’s appear to have been grown. Here 
again, therefore, the data cannot be accepted as evidence of complexity 
of inheritance of the two time characters. 

Hoshino(35) made studies of peas and, less completely, of rice; and 
since these rank as the classical genetic investigations on time characters, 
they must be briefly considered. His definition of time of flowering was: 

Let p = number of days fiom sowing to flowering, 

q = number of days from “sprouting” to flowering. 

“Flowering” implied the opening of the vexillum of the first flower. 
Then time of flowering = (p -f q)j2. 
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In English-grown cereals the interval between sowing and “ sprouting ' ’ 
(emergence of the plumule from the soil) is very constant under the 
conditions of careful experiment so that, for them, this form of definition 
would have no advantage over p or q alone. His results with peas 
suggested that two factors controlled flowering period and, further, that 
hybridization resulted in ‘‘gametic contamination.” Further, he found 
a coupling (linkage) between one of the flowering factors and a factor 
for red colour j cf. I jock and Tscherri lak J. F or rice a three-factor hypothesis 
was suggested. Clearly, the case was not a simple one, and Castle 0S) 
has suggested an alternative explanation based upon a single factor and 
the operation of extensive “gametic contamination.” These facts not- 
withstanding, Hoshino’s work puts flowering period on the same plane 
of experimental practicability in genetic work and therefore of general 
biological reliabihty — as a great number of the accepted plant characters. 

Keeble and Miss Pellew (H2) for sw^eet peas found eviden(‘e of “ coupling ” 
between lateness and thickness of stem and Cowens(30), in Hyoscyanms 
niger, found the biennial habit to be simply dominant to the annual. 

These genetic studies strongly suggest that ripening and flowering 
time factors are, within the limits of present knowledge of “plant 
characters,” constant and reliable for any given variety. In furtherance, 
the evidence obtained from systematic studies, may be considered. 

Percival(5) found that the period from sowing to “earing” in wheat 
was affected by the actual date of sowing especially for sowings made in 
July and other unusual sowing months. But the actual date of earing 
showed a much closer approach to constancy for a great range of sowing 
times. Indeed, for every variety sown year after year on a particular 
date, the date of earing over a period of years was so constant as to be 
a diagnostic character. The numerical data adduced lacks the finality 
which evidence of probability (probable errors, etc.) would have afforded, 
but its general trend is unmistakeable. 

Harlan (39), for barley, found the emergence of the awn from the top 
leaf sheath to be “a very accurate index of the stage of development 
of the spike.” To mark equally developed spikes he selected the criterion 
of an emergence of inch. In another investigation (U)] he 
emphasised the superiority of awn emergence as a “character” to either 
“heading” or “ripening.” 

The evidence which has been examined appears to make clear that 
the two time attributes in cereals are sufficiently constant in varieties 
to warrant their employment as characters in investigation. Ear 
emergence — suitably measured — appears to be more constant than 
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ripening but the two are closely related. When experimental require- 
ments permit, it is better to base deductions upon actual dates than 
upon periods between two dates {e.g. sowing and ripening). 

In the literature of this subject it is difficult to find evidence as to 
the relation of the times and periods of flowering and ripening to yield 
(as })etwe(ui varieties). And similarly, the int(T-relations of the tillers 
of a single plant in respect of these two processes, are not usually 
mentioned. To a great extent, these two subjects are r(*ally, it seenis, one. 
Por, parti(;ularly in oats, there are commercial varieties wliich seem, 
quite characteristically, to flower and to ripen tlieir main-axis panicle 
considerably before their side (tiller) one.s. Jn consequence, since oats 
must be cut before dead ripeness, the tiller panicles often contribute very 
poor and very unripe grain. At present it is not possible to demonstrate 
that the later of such tillers are positively harmful but it is not un- 
reasonable to suppose that the yield might have been higher if they had 
not been formed and thus had not competed with the bigger tillers. Not 
only the flowering times of the tillers but their grain and straw production 
as well, need to be studied in different varieties. But tlie flowering of 
the individual plant is very much more constant than its grain production 
and for tliat reason its investigation — for separate tillers — must be 
regarded as an important part of yield-power investigation on the 
analytical basis. 

A belief in the inevitable association of earliness and low yield 
[c/. Caporn (above) J cannot be upheld by prec'ise observations and until 
these have been made, judgment ought to be reserved. 

Key to Tables I-Xl for P and A showing the Bed, Spacing and Date 
to which every table applies. 

Tables having an “a'’ in their serial numbers give both numbers of 
leaves (:r) and of tillers (;/) in the form {x,y). 

Table 1 is derived from 1 (a) and so on for II JII and IV. 

Bed nuinl)cr and sowing int{‘rval 

Date Hod i5 ~A" Hod 0 4" Hod 7 Hod S -2'' 

21.iv. 21 I and I A Jl and 11 a III and ill * IV and IV a 

28. iv. 21 - V 

7. V. 21 VI — -- \ 11 

2.7. V. 21 Vlll IX X XI 
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Tables I-IV. For P and A. The Frequency Distribution of Number of 
Tillers for Plant on 21. iv. 21. Frequencies are given as percentages. 
At the head of every table is shown the number of plants observed, 
at the foot the mean (with standard error) number of tillers per plant. 
Table no. ... I II III IV 


Variety 

. P 

A 

P 

^ 

A 

r 

P 

A 

P 

A 

No. of plants 139 

107 

161 

171 

389 

443 

382 


No. of tillers 
per plant 

0 

2.5-90 

28-75 

15-53 

21-05 

49-88 

32-72 

35-32 

32-38 

1 

31-75 

36-53 

35-40 

41-61 

37-03 

44-01 

44-75 

45-06 

2 

40-29 

34-13 

48-45 

36-83 

12-86 

23-03 

19-37 

22-24 

3 

2-16 

0-59 

0-62 

0-58 

0-26 

0-23 

0-52 

0-28 

Mean no. of 
tillers per 

^ 1-18 

1-06 

1-34 

1-17 

0-63 

0-90 

0-85 

0-90 

plant j 

Standard 1 
error of 

1 

1 ±0-071 

±0062 

±0-058 

±0-058 

±0-036 

±0-036 

±0-038 

±0-039 


Table Ia-IVa for P and A. The Frequency Distribution of Numbers 
of Leaves {x) and of Tillers (y), (expressed in the form x.y) on 
21. iv. 21. Frequencies are given as percentages and the number of 


plants 

involved is shown at the head of every 

table. 



Table no. . . . 


I A 

II 

A 

III 

A 


IV A 

Variety 


P 

A 

P 

A 

P 

A 

P 

A 

No. of plants 

139 

167 

161 

171 

389 

443 

382 

355 

(^.y) 









00 

o- 

2-0 

0-72 

— 

— 

0-58 

0-61 

0-45 

0-26 



s « 

3-0 

16-55 

22-16 

11-18 

12-28 

38-31 

28-21 

29-83 

28-16 

Z o 

fl 

,3-1 

1-54 

1-20 

— 

2-34 

5-66 

6-09 

1-57 

4-79 

O -3 V 

3-2 

— 

— 

— 

0-58 

— 

0-23 

— 

0-28 

«4H Ph 

O o 

4-0 

8-63 

6-59 

435 

8-19 

11-06 

4-06 

5-23 

4-22 

d § E. ' 

4-1 

30-21 

35-33 

35-40 

39-17 

31-37 

37-92 

43-18 

40-27 

I 

4-2 

40-29 

34-13 

48-45 

36-26 

12-86 

22-80 

19-37 

21-96 

c6 1 

4-3 

2-16 

0-59 

0-62 

0-68 

0-26 

0-23 

0-52 

0-28 
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Table V for 28. iv. 21 and Tables VI and VII for 7. v. 21 for P and A 
(see note at bead of Tables I-IV above). 


Table 

no. 

VI 


VII 



V 

r ^ 


Variety 

... P 

A 

p 

A 

P 

A 

No. of plants 84 

9G 

238 

186 

249 

182 

fl 1 

ro 

— 

— 

— . 

0-54 

1-60 

1-10 


1 

3 57 

1-04 

1*26 

2-69 

18-02 

16-48 

, 1 

2 

10-71 

9-3G 

27-73 

17-75 

40-04 

32-96 


:i 

16-60 

7-28 

19-32 

33 33 

29 62 

35-71 


4 

IG-Gt) 

26-00 

30-67 

22-59 

10-00 

12-64 

S 1 

r> 

27-37 

23-92 

13-45 

15-06 

— 

1-10 


6 

15-47 

13-52 

5-90 

6-99 

0-40 

— 


7 

9-52 

15-60 

1-2G 

1-07 

— 

— ■ 

. 

8 

— 

2-08 

0-42 

— 

— 

— 

I 

l9 

— 

1-04 

— 

— 

— 

— 

Mean no. "1 
of tillers 

1 4-38 

4-81 

3*52 

3 53 

2-30 

2-46 

per plant J 
Standard 1 
error of ] 

I 

1 to-ns 

0-163 

±0-085 

±0-095 

±0-061 

±0-073 

mean J 








Tables VllI-XI for 25. v. 21 for P and A (see note at bead of 
Tables I-IV above). 


Tabic 

no. 

Vlll 

IX 



X 


XI 











Variety 

... P 

A 

^ 

P 

A 

P 

^ 

.4 

P 



A 

No. of plants 82 

93 

93 

118 

275 

247 

200 

156 


^ 0 

— 

— 

— 

— 

1-09 

2-03 

0-.50 

0-64 


1 1 

1-22 

2-16 

3 23 

2-54 

5-82 

3-65 

1-.50 

3-21 

oa 

2 

2-44 

3-24 

2-15 

— 

25-84 

23-49 

23.50 

17-31 

'E. 

3 

3-66 

8-64 

4-30 

7-62 

28-39 

26-33 

16-00 

30-77 


4 

15-86 

16-20 

4-30 

10-16 

24-39 

25-92 

26-50 

21-15 

, 5 

21-96 

23-76 

21-50 

20-33 

10-92 

13-77 

19-50 

16-67 


* 6 

17-08 

19-44 

17-20 

24-56 

3-64 

3-24 

6-00 

9-62 


7 

8-54 

15 12 

19-35 

13-55 

— 

1-62 

5-50 

0-64 


8 

12-20 

8-64 

16-13 

10-16 


— 

1-00 



*0 

9 

10-98 

— 

7-53 

5-93 

_ 







® 1 

10 

2-44 

2-16 

2-15 

2-54 

— 

— 






11 

2-44 

1-08 

1-08 

2 54 

— 







H2 

1-22 

— 

1-08 


— 

— 

— 

— 

Mean no . '] 









of tillers 
per plant J 

^ 6-15 

5-41 

6-27 

5-98 

.3-16 

333 

3-83 

3-60 

Standard ^ 

1 








error of 

y ±0-243 

±0-193 

±0-216 

±0-185 

±0-069 

±0-087 

±0-109 ±0-108 

mean j 

( 
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Table XII (which also serves as a ground-plan of the beds). The means 
(nos. of tillers per plant) of Tables I-Xl for P and A showing the 
Bed number, sowing interval, and date. 



Bed 5=4^ 

Bed 6 

^4" 

Bed 7 


Bod 8 

; = 2" 


A 



A 


A 


Date 

( ^ 

P A 

^ A 

P 

A 

P 

A ^ 

P 

A 

21. iv. 21 

\ M8 1-00 

1-34 

1-17 

0-63 

0-90 

0-85 

0-90 

( ±0-071 ±0-002 

±0-058 

±0-058 

±0-036 

±0-036 

±0-038 

±0-039 

28. iv. 21 

^ — — 

— 

— 

— 

— 

2-30 

2-46 

j - - 

— 

— 

— 

— 

±0-061 

±0-073 

7. V. 21 

^ 4-38 4-81 

— 

— 

— 

— 

3-52 

3 53 

) ±0-173 ±0-163 

— 

— 

— 

— 

±0-085 

±0-095 

25. V. 21 

^ 0-15 5-41 

0-27 

.5-98 

3-16 

3 33 

3-83 

3-60 

(±0-243 ±0-193 

±0-216 

±0-185 

±0-069 

±0-087 

±0-109 

±0-108 


Table XIII for P and A, Bed 7. Frequency Distribution of numbers 
of ears ripened by plants whicdi, throughout, were grown under 
“uniform conditions.” Frequencies are given as percentages. 

No. of earK ripened per plant 

<.‘l 3 4 .5 (> 7 8 9 ])lant8 

P 41-7r> 3()-59 14-90 Trio 1-03 — i)ry> — 194 

A 4()-00 32-12 15-15 5-45 O-Ol — O-Ol 105 


Table XXI TI. P and A. Beds 6 and 7 (at 4-inch and 2-inch spacing). 
Frequency distribution of date of emergence of main axis (Tq) ear 
for all plants (excluding, as usual, outside and other exceptionable 
plants). Frequencies are given as percentages. 


Bed no. Dates 


and 

spacing 

Variet}’^ 

No, of 
})lants 

11, vi. 

1,3. vi. 

15. vi. 

17. vi. 

19. vL 

Later 

Bed 6 ^ 

P 

71 

4-22 

38-03 

22*53 

23-94 

9-86 

1-41 

4 -inch j 

A 

no 

32-73 

29-01 

19-10 

11-82 

3-64 

3-64 

Bed 7 ) 

P 

267 

2-25 

45-69 

27-71 

18-73 

4-49 

1-12 

2-inch ( 

A 

230 

4-34 

57-39 

19-57 

13-04 

1-74 

3-91 


Table XXIV. P and A. Bed 7 (2-mch spacing). Frequency distribution 
of dates of emergence of the ears of and for plants whose 
ear emerged on 13. vi. Frecjuencies are given as percentages. 


Dates 


Variety 

No. of 
plants 

Ear 

11. vi 13. vi 

15. vi. 

17. vi. 

19. k 

Later 

P 

122 


— 32-79 

40-16 

16-39 

4-10 

6-66 


122 

T 

— 1-64 

21-31 

39-34 

6-56 

31-16 

A 

132 

Tx 

— 3106 

31-81 

21‘97 

6-06 

9-09 


132 

T, 

— 5-30 

19-70 

37-12 

6-30 

32-58 
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Table XXV. P and A. Bed 7 (2-inch spacing). Frequency distribution 
of date of emergence of Tq for plants which were 3*0 {i.e. had 
3 leaves and no tillers) on 21. iv. and for those which were 4*1 
(i.e. had 4 leaves and 1 tiller) on 21. iv. Frequencies are given as 
percentages. 


eWorld it ion 




l)at(! of 

(nnergenee of 7’,, 



on 


Nfj. of 

^ 


V 

— — 

V 


21. iv. 

Variety 

plants 

11. vi. 

13. vi. 

15. vi. 

17. vi. 

19. vi. 

Later 

30 

P 

103 

0*97 

,3,3*98 

20*21 

20-21 

7*77 

4*85 


A 

81 

1*2,3 

34,57 

23 40 

27*10 

0*17 

7*41 

41 

P 

85 

3*53 

01*17 

2,3.53 

9*41 

1*18 

1*18 


A 

81 

2*47 

70*54 

17*28 

2*47 

— 

1*23 


Table XXVI. P and A. Bed 7 (2-inch spacing). Frequency distribution 
of number of ears per plant which emerged between 11. vi. and 
19. vi. for plants which were (3*0) or (4*1) on 21. iv. Fre(juencies 
are given as percentages. 

Condition No. of (uirs ]kt plfint 


on No. of 


M. iv. 

Vari(‘ty 

Plants 

' 0 

1 

2 

3 

4 

3*0 

P 

103 

4*85 

.34*95 

.34*95 

25*24 




A 

81 

10*05 

32*10 

33*33 

17*28 

1*23 

4*1 

P 

85 

1*18 

.3*53 

25*88 

51*70 

17*05 


A 

81 

1*23 

2*47 

29*03 

49*38 

17*28 


Table XXVll. P and A. Bed 7 (2-inch spacing). Frequency distribution 
of date of emergence of main axis (Tq) ear for plants which ripened 
3 or more ears at harvest. 

Date of emergojioo of 7^ 

No. of 

Variety plants 1 1. vi. 1,3. vi. 15. vi. 17. vi. 19, vi. Later 

P 113 1-77 ,5309 ,3009 9-73 5-31 — 

A 89 2-25 6()-31 19 10 12-30 ~ — 

Table XXVIII. P and A . Bed 7 (2-inch spacing). Frequency distribution 
of number of leaves and number of tillers (expressed in the Table 
as x.y) on 21. iv. for plants whose main axis (Tq) ear emerged on 
13. vi. Frequencies are given as percentages. 


Nuinbvr of leaves (a:) and tillers ?/ — (a-.y) on 21. iv. 

No. of , " — ^ 


Variety plants 2*0 

3*0 

3*1 

32 

4*0 

4*1 

4*2 

4 3 

P 122 — 

A 132 0*75 

28*09 

18*94 

3*28 

0*82 



10*60 

4*54 

44*20 

45*45 

13*11 

22*73 

0*71 
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Table XXIX. Pand^. Bed 7 (2-iiich spacing). Frequency distribution 
of number of tillers per plant on 25. v. for plants whose main axis 
(Pq) ear emerged on 13. vi. Frequencies are given as percentages. 


No. of 
Variety plants 

P 122 

A 132 




1 

2-46 

2-27 


No. of tillers on 25. v. 


2 3 4 

2295 33-61 24-59 

20-45 27-27 28-77 


5 

11-48 

17-42 


6 

4-92 

3-03 


7”^ 

0-75 


Table XXX. Frequency Distribution of Dates of Emergence of and 
for plants used in tiller-by-tiller weighings. 


Date of emergence 


Variety 

Tiller 

no. 

13. vi. 

A. 

15. vL 

17. vi. 

19. vi. 

No. of 
l)lant8 

P 


9 

13 

2 



24 



1 

2 

17 

4 

24 

A 


13 

11 

7 

— 

31 


T 

2 

1 

6 

21 

3 

31 


Table XXXI. The Weights of Grain (Yields) of the F and A Plants 
which are described in § IX of the text. Weights are in centigrammes. 


Plumage 


210 

237 

280 

327 

373 

414 

443 

491 

216 

242 

288 

329 

375 

425 

445 

492 

222 

255 

300 

— 

386 

— 

452 

511 

— 

~ 

— 


398 

~ 

461 

— 




Archer 




267 

282 

317 

351 

409 

436 

461 

487 

— 

285 

318 

358 

411 

437 

467 

497 

— 

298 

320 

361 

413 

438 

— 

499 

— 

306 

322 

371 

— 

441 

— 

— 

— 

— 

330 

371 

— 

441 

— 

. _ 

— 

— 

343 

— 

— 

442 

— 

— 

— 

— 

— 

— 

— 

442 

— 

— 
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Table XXXII. The Full Data for One Group of A Plant.s. 


per plant 


Q = weight of grain 'I — mam axis 

S= „ straw 

„ rachis 

number of grains J 

= weight of odd pieces (detached) and infertile tillers. 
Weights are in centigrammes unless otherwise stated 


first side tiller ^of the plant 
72--second„ ,, ] 


0 plant total 


436 

437 

438 

441 

441 

442 

442 

G as per cent, of ^ 
total I 

(7« 

G 

36-7 

31-9 

39*8 

37*3 

37*2 

34*9 

34*7 

35*6 

33*6 

32*9 

38*5 

35*5 

43 4 
31-7 


31*4 

22*9 

27*9 

29*7 

33*5 

26*0 

24*8 

S + R plant total .... 


393 

356 

369 

387 

367 

439 

406 

S as per cent, of 
total 

[T, 

40*8 

29*6 

460 

36*5 

38*9 

34*8 

39*11 

34*63 

42*7 

28*6 

42*1 

27*8 

38*0 

28*6 


29*6 

17-5 

26*3 

26*25 

28*6 

30*0 

33-4 

G/{R + R A- R G) plant. . . 

0*521 

0*515 

0*519 

0*490 

0-526 

0*497 

0*434 

1 

[To 

0*987 

1*061 

1*139 

1*013 

0*948 

0*918 

1*222 

OKH + H) -j 


1*208 

1*263 

1*180 

M71 

1*367 

1*276 

1*196 

Lg 

M81 

1*587 

1*257 

1*284 

1*409 

0*877 

0*833 

n plant total 


91 

86 

85 

83 

85 

90 

90 

1 

[To 

31 

32 

30 

28 

28 

31 

33 

n tillers < 

7° 

30 

31 

29 

29 

28 

31 

29 

1 


30 

23 

26 

26 

29 

28 

28 

Gjn plant 


4*79 

5*08 

5*15 

5*31 

5*19 

4*91 

4*91 

j 

[To 

6*16 

5*43 

5*43 

5*46 

528 

5-48 

5*81 

Gjn tillers < 

T. 

4*63 

5*25 

5*27 

5*41 

5*17 

5*06 

4*03 


4*56 

4*34 

4*69 

5*04 

5*10 

4*11 

3*92 

Date of emergence j 
of oar ^ 

fTo 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

Ti 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

13. vi. 

15. vi. 

IT, 

17. vi. 

19. vi. 

15. vi. 

15. vi. 

13. vi. 

17. vi. 

17. vi. 


Table XXXIII for the 24 selected P plants showing weight of grain (G) 
borne by tillers and total weights borne by whole plants. The plants 
are arranged in order of magnitude of Tq, Unit of weight = 1 centi- 
gramme. 


To 

T^ 

T, 

Plant 

To 

Ti 

T2 

Plant 

93 

83 

46 

222 

154 

167 

140 

461 

93 

89 

38 

220 

158 

141 

126 

425 

95 

62 

59 

216 

166 

109 

98 

373 

101 

96 

83 

280 

171 

136 

145 

452 

104 

91 

60 

255 

172 

129 

85 

386 

110 

77 

50 

237 

177 

118 

103 

398 

110 

67 

65 

242 

178 

172 

141 

491 

114 

121 

92 

327 

187 

156 

102 

445 

120 

110 

70 

300 

187 

168 

156 

511 

121 

106 

61 

288 

190 

131 

122 

443 

132 

105 

92 

329 

198 

150 

66 

414 

149 

136 

90 

375 

207 

167 

118 

492 
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FURTHER INVESTIGATIONS INTO THE (^HANGES 
WHICH OCCUR DURING THE ENSILAGE 
OF A GREEN CROP. 

By HERBERT ERNEST WOODMAN, Ph.D., D.S( . 

AND ARTHUR AMOS, M.A. 

{School of A (jricidlvre, Cambridge JJ nicersilg.) 

Introdttction. 

In recent communications accounts have been given of investigations 
which were designed to throw light on the nature and extent of the 
changes which occur when a green crop is converted into silage and to 
furnish information regarding the factors which influence the course of 
the fermentation and determine in a large measure the quality of the 
silage. 

Amos and Williams (i ) discussed these factors at some length, directing 
attention especially to the temperature of fermentation associated with 
the production of the different types of silage. 

In further work Amos and Woodman (2) demojistrated that the 
moisture-content of the ensiled fodder exerted an important influence 
not only on the production of different types of silage, but also on the 
extent of the changes affecting the individual constituents of the crop. 

It has long been recognised, from general experience in the practice 
of ensilage, that the type of silage produced is to a marked extent 
determined by the stage of maturity of the ensiled crop. In the case of 
green “fruity” oat and tare silage, for instance, there can be little doubt 
that its production depends upon the ensiling without wilting of an oat 
and tare crop in the early stages of maturity, when the oats are in milk 
and the tares are between the stages of full flower and half- formed 
seeds. This result has been confirmed in scientific tests by the waiters 
and also by the collected experience of makers of silage. 

Experience further indicates that if the ensiled cro]) is too immature 
and succulent, the result may be the production of the so-called “sour” 
silage. Instances of this are cited by Amos and Williams (i). Jn one case, 
over a period of several years, maize was grown and ensiled in a tower 
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silo. The variety grown, however (American Horse Tooth), failed to 
ripen sufficiently for ideal silage purposes, the crop rarely getting beyond 
the flowering stage. Under these conditions the silage was invariably 
“sour” with a pungent clinging smell. 

On the other hand, if the crop is more mature than is required for 
green “fruity” silage (i,e. if the oats are past the milk stage and the 
tares are well seeded) an acid brown or yellowish-brown silage appears 
frequently to be produced. This possesses an acid yet pleasant odour, 
due probably to acetic and propionic acids, and certainly not possessing 
the unpleasant smell of butyric acid associated with “sour” silage. 

Amos and Williams further quote an isolated case where over-ripe 
and wilted oats and tares containing much charlock gave rise to a musty 
smelling silage. 

It would thus appear that the combination of experience and ex})eri- 
ment points to the following generalisations in regard to the influence of 
the maturity of crop on the quality of silage: 

1. “Sour” silage results from ensiling very immature and succulent 
cro])s. 

2. Green “fruity” silage from crops in early to medium maturity. 

3. “Acid brown” silage from fairly mature crops. 

The experiments about to be described were desigjied partly with the 
object of testing these conclusions and partly with a view to ascertaining 
the extent of the changes and consequent losses sustained by the same 
crop when ensiled at different stages of maturity. 

For the purpose of the tests, a crop of oats, tares and beans was 
selected as being one which was likely to stand well. The crop was cut 
at three different stages of maturity and ensiled as quickly as possible 
in three of the small experimental wooden silos described in a previous 
communication (2). So far as possible, no other factor save that of 
maturity was permitted to vary on the three occasions; thus the crop 
was reasonably free from superficial moisture in every case; in all three 
cases it was cut in the early morning and chaffed and ensiled imme- 
diately; furthermore, in no case was the crop damaged by decomposition 
of the basal foliage, a condition which is known to prejudice the quality 
of the silage. 

Description of the crop. 

The seeding of the crop consisted of 2 parts oats, 1 part tares and 
1 part beans, sown on October 6, 1921, at the rate of bushels of 
the mixture an acre by means of an ordinary corn drill. All the seeds 
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germinated and grew well and on June 21 , 1922, wlien several plots were 
measured, gave a yield of 11-75 tons of green crop per acre (‘M tons 
dry matter per acre). 

The three dates of cutting the crop were Jime 11, June 23 and July 12. 
June 14, when the first silo was filled, was preceded by tliree weeks of 
drought, though in the previous afternoon and. evening there had been 
a drizzle of rain, which, however, creased before morning. The crop was 
very slightly wet with this rain when cut. After chafiing, mainly owing 
to sap, it was very wet to handle. At this stage the largest pods on the 
beans were 1 1 inches long and the stems were green and succulent ; the tares 
were in full flower, the largest pods being only I inch long; the oats had 
just flowered. There was a certain amount of weed in the crop, especially 
Venus Comb {Scandix pecten), Corn Buttercup {RaHUHcuhis arrensis) and 
Black Bent Crass {Alopecuras agrestis) from which the seeds, though 
full-grown, had not begun to drop. The crop at this stage would generally 
be considered immature for silage. 

The second filling on June 23 was preceded by fine, dry and cool 
weather for the most ])art, but showers fell during the previous night. 
There was not much rain upon the crop, however, when carted, though 
when chaffed it felt rather wet. The crop, in consequence of the cool 
weather, had not progressed very rapidly in maturity. The largest bean- 
pods were now well grown and contained half-grown seed; the largest 
tares- [)ods were 2" in length, but were very scanty owing to damage by 
midge bites; the oats were just arrived at the milk stage. The weeds 
mentioned previously were again prominent, but as yet had shed little 
or no seed. The crop at this stage might be regarded as ideal for the 
purposes of silage. 

The weather previous to the cutting of the crop for filling the third 
silo had been cool aJid showery, with high winds prevailing. Con- 
sequently the crop was somewhat badly laid when cut, but fortunately 
had not begun to decompose at the base. At this stage, the glumes 
covering the oats were beginning to change colour from green to yellow, 
and the grain was passing out of the milk stage. The beans had lost 
much of their foliage, the pods being full grown and the seeds beginning 
to show blackening on the hilum. The tares-pods were full grown and 
contained seeds from half to three parts full grown. Many of the weeds 
previously mentioned had ripened seed before this time, which had 
either been shed before cutting or was scattered by the act of cutting. 
The crop at this stage would usually be considered past its prime for 
silage. 
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In addition to the experiments which were made in the small experi- 
mental silos, a sample bag containing a portion of the crop cut on 
June 30 was placed in the upper half of the commercial silo and sur- 
rounded by material cut at the same time. At this stage, the oats were 
all in milk, the tares were showing useful pods with seeds a quarter 
grown and the beans were proportionately advanced. 

Taking the stage of development of the oats as the index, it will be 
seen that the crop was cut and ensiled at the following stages of maturity: 

June 14. Oats had just flowered. 

June 23. Oats arrived at milk stage. 

June 30. Oats all in milk. 

July 12. Glumes changing from green to yellow, and grain passing 
out of milk stage. 


Filling of silos and sample bags. 

In every case, the cro]) was carted immediately after cutting and 
chaffed by an ensilage cutter. Samples of the chaff' were well mixed in 
a heap on a concrete floor and the heap divided into three parts. From 
one part the analytical sample was taken and from each of the other 
parts sample bags were filled. The latter were made of jute and measured 

3 feet in length and 1 foot 9 inches in width. When filled, they contained 
from 35 to 50 lb. of green fodder, depending on the moistness of the 
crop. They were weighed empty and again when filled. 

In filling the small wooden stave silos, which were 6 feet high and 

4 feet in diameter, the chaffed crop was j)ut in and trodden down till a 
height of 2 feet was reached, and the first sample bag was then carefully 
placed in position with a maximum thermometer enclosed in a short 
length of gas-pipe immediately below. The filling and treading again 
proceeded till a height of 4 feet was reached, when the second sample 
bag with maximum thermometer was placed in position as before. 

The filling was again continued till the top was reached, when an 
extension of iron sheeting was fixed to the silo, so that the latter could 
be filled 9 to 12 inches above the top. After this, a layer of 6 to 8 inches 
of earth was thrown on the top, and within a few days the material had 
settled down into the silo and the extension was removed. 

Opening of silos. 

The small silos were opened successively on November 7, 14 and 21 
in the same order as that in which they were filled. 

Silo 1. Contained only 2 inches of spoilt material on top. The silage 
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from the two sample bags was still very wet and possessed a greenish- 
brown colour. That in the top bag had a fresh smell when first exposed 
with a slight suggestion of “ fruitiness, ” but this soon gave place to a 
more pungent and less pleasant odour. That in the lower bag possessed 
a fresh odour which was in no sense fruity. The maximum thermometers 
did not rise beyond 20° C. 

Silo 2. Contained 9 inches of waste on top. The material in both 
bags was dark olive green in colour and possessed a very pleasant 
“fruity” odour. The maximum thermometers registered 20° C. in the 
upper sample and 21-5° C. in the lower sample. 

Commercial silo. Contained two sample bags. The upper bag con- 
taining material cut on June 30 was removed from the silo on December 8 
and was found to contain green “fruity” silage of good quality. The 
maximum thermometer registered 28*25° C. The sample bag in the lower 
half of the silo contained a sample of the same material as was filled 
into Silo 2. It was taken from the silo on April 16, 1923, and its contents 
proved to be excellent silage of the green “fruity” type. The maximum 
thermometer registered 25° C. As a matter of fact, the bulk of the silage 
from the commercial silo was a good quality green “fruity” silage, the 
silo having been filled with green crop cut between early and medium 
maturity. 

Silo 3. Contained a 6-inch layer of completely spoilt material on top. 
Below this there was a further 3 inches of slightly mouldy material, and 
occasional sj)ots of mould persisted to the depth of the upper sample 
bag. The contents of the latter were brown in colour, displaying numerous 
inconspicuous spots of white mould. The smell was musty and the 
material was sticky to the touch. The maximum thermometer registered 
35° C. The lower bag, more efficiently protected from air by reason of 
its greater depth, contained good silage, which was fairly dry to handle. 
The colour was brown and the smell slightly acid, but quite pleasant. 
The maximum temperature recorded was 24*5° C. 

Table I records the dry weights of green crop placed in the different 
sample bags and also the dry weights of the resulting silage. The moisture 
contents of green crop and silage are also given together with the per- 
centage losses of dry matter resulting from conversion of the samples of 
green crop into silage. 

From the foregoing description of the contents of the sample bags, 
it is at once evident that the types of silage produced from the differently 
matured samples of green crop were markedly distinctive. 

The quality of the silage obtained from the very immature and 
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succulent crop was rather better than had been anticipated. The un- 
pleasant characteristics usually associated with really “sour” silage 
were not noticeable to any marked extent, and this may have been due 
to the fact that the crop was ensiled without wilting. 

Table 1. 


No. of silo 

Silo 1 

Silo 2 

^ 

Silo 3 

Commercial silo 

No. of 

1 

2 

3 

4 

r 

7 

8 

( 

5 

6 

Position in silo 

Lower 

Upper 

Lower 

Upper 

Upper 

Lower 

Lower 

Upper 

% moisture as ensiled 

77-95 

77-95 

73-56 

73-56 

69-25 

69-25 

73-56 

76-75 

% moisture after ensiling 

77-96 

78-14 

74-16 

74-39 

71-90 

70-58 

71-49 

74-44 

I)ry matter as ensiled (oz.) ... 

187-0 

190-3 

187-7 

168-4 

174-0 

186-7 

177-4 

181-8 

Dry matter after ensiling (oz.) 

168-8 

167-9 

170-8 

153-9 

154-3 

175-9 

143-4 

168-4 

% loss of dry matter 

9-7 

11-8 

9-0 

8-6 

11-3 

5-8 

19-2 

7-4 


The character of the silage obtained from bags 3, 4, 5 and 0 was in 
accordance with expectation. The ensiling without wilting of a crop cut 
between early and medium maturity generally gives rise to the best 
type of silage, namely, green “fruity” silage. 

The material obtained from the upper bag of Silo 3 could not properly 
be described as silage, but it is a condition which may be expected when 
over-mature crops are ensiled in a dry condition and air imperfectly 
excluded. In practice under such circumstances, water may be added 
with advantage at the time of ensiling. 

The silage produced in the lower bag of Silo 3 demonstrated the truth 
of the statement made in the introduction, that fairly mature crops 
ensiled in a dry condition generally give rise to the “acid brown” type 
of silage. 

It is interesting at this stage to compare the previous year’s results (2) 
in connection with the effect of varying green crop moisture-content 
with the results of the present investigation into the effect of stage of 
maturity. 

1. Crop cut in early maturity and ensiled without wilting gave rise 
to green “fruity” silage (both investigations). 

2. Crop cut in early maturity and allowed to dry by wilting for 
24 hours before ensiling gave rise to “acid brown” type of silage 
(previous investigation). 

3. Oop allowed to become fairly mature and ensiled without wilting 
also gave rise to “acid brown” silage (present investigation). 

The combined results suggest that the effect of allowing the crop to 
become fairly mature is connected in some measure with the drying out 
of the crop which goes on during the process. 
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Methods of analysis. 

The methods of analysis were in the main identical with those 
already described in an earlier communication (2). It was, however, 
found desirable to modify in one or two particulars the method of 
dealing with the silage extracts. In previous work it was noticed that 
the percentage of non-volatile organic acids in the silage calculated in 
terms of lactic acid from the titration results of the alcoholic liquors 
was frequently appreciably greater than would be anticipated from the 
amount of ether extract contained in the silage after drying at 100° C. 
An examination of the method as then used revealed an explanation for 
this discrepancy. The non-volatile organic acids were not estimated by 
direct experiment but were calculated by difference in the following 
manner: 

Non-volatile organic acids = Total titration value — (amino acids 
-f volatile organic acids). 

As, however, the total titration value includes the titration value of 
carbon dioxide, whereas this latter figure escapes inclusion in the value 
for the volatile organic acids, it follows that the figure for non-volatile 
organic acids must be on the high side owing to i^s representing in 
actuality lactic acid + carbon dioxide. The figure also includes combined 
lactic acid, whereas treatment with ether only extracts free lactic acid. 

It was decided, therefore, to estimate the non-volatile acids directly 
by titrating the residue after distilling off the volatile acids in steam. 
By this means, results in good harmony with those recorded by Dox 
and Neidig(3) for the relation between volatile and non-volatile organic 
acids in silage were obtained. 

The method for determining the amino acids in the alcoholic liquors 
was also slightly modified. Instead of using the indirect method involved 
in Foreman’s (4) method of determining volatile bases, the direct method 
devised by this investigator was employed by removing the alcohol 
from 100 c.c. alcoholic liquor in a current of steam blown through for 
10-15 minutes. The residue was made up to 200 c.c. with w^ater and 
aliquot portions were titrated with and without the presence of alcohol 
under the conditions laid down by Foreman. The difference between the 
two titrations when diminished by the amount of volatile bases gave the 
figure for the amino acids. Slightly higher values were obtained by this 
method than by the indirect method. Preliminary tests proved that the 
volatile bases and amino acids are not affected by the short steam 
distillation. 



106 Changes during the Ensilage of a Green Crop 

In making up the alcoholic silage liquors, 100 c.c., and not 150 c.c. 
as formerly, of the aqueous extract were diluted to 500 c.c. with alcohol. 
This slight modification not only removed precipitable material more 
thoroughly, but also enabled the end points in the titrations to be 
observed with greater certainty. 

Table II. Summary of analytical results. 


1. (3reen oats, tares anti beans (calculated to dry niatttu’ ))asi8). 



Bags 1, 2 

Bags 9, 4, 5 

Ihig 0 

Bags 7, 8 


/o 

o/ 

A) 

«/ 

/o 

o/ 

/o 

Crude protein 

909 

8-40 

10-09 

8-10 

Ether extract 

409 

3-85 

4-10 

3-09 

N-free extractives 

51-22 

54-47 

48-00 

57-54 

Crude fibre 

26-19 

25-09 

29-00 

25-24 

Ash 

8-81 

7-53 

7-49 

0-03 

True protein 

7-55 

5-85 

811 

.5-01 

“Amides” 

2-14 

2-61 

2-58 

2-49 


2. Oats, tares and bean silage (calculated to dry matter basis). 



Bag 1 

Bag 2 

Bag 3 

Bag 4 

Bag 5 

Bag 0 

Bag 7 

Ba- 8 


o/ 


O' 

o 

o 

()/ 


O 


/o 

/o 

/<> 

/O 

/() 

/o 

/o 

/o 

Crude protein 

10-28 

9-80 

9-30 

9-00 

9-90 

10-87 

9-45 

8-01 

Ether extract* . . . 

5-71 

5-24 

5-22 

0-88 

4-15 

5-91 

4-72 

4-08 

N-free extractives 

40-57 

47-88 

49-19 

45-97 

40-70 

40-80 

51-21 

52-38 

Crude fibre 

27-84 

26-78 

28-35 

29-14 

31-53 

28-54 

27-51 

27-59 

Ash 

9-00 

10-24 

7-94 

8-41 

112 

7-88 

7-11 

0-74 

True protein 
“Amides” 

3-82 

4-05 

4-57 

4-93 

4-37 

5-81 

5-00 

4-09 

r-40 

5-81 

4-73 

4-07 

5-53 

5-00 

3-79 

3-92 


* Not taking into account volatile organic acids of silage. 


Table III. Analysis of silage extracts (calculated on basis of 100 g^n. 

dry matter). 



Bag 1 

Bag 2 

Bag 3 

Bag 4 

Bag 5 

Bag 0 

Bag 7 

Bag 8 


o/ 

/ O 

o/ 

/O 

% 

70 

% 

o/ 

/o 

o/ 

/ o 

O/ 

/ () 

Volatile organic acids* 

2-18 

2-30 

2-95 

2-74 

2-98 

2-40 

1-32 

2-32 

Non-volatile organic acidsf 

4-22 

445 

3-92 

4-04 

3-74 

5-40 

1-70 

3-38 

Amino acids t 

4-79 

4-59 

3-12 

3-29 

4-12 

4-02 

2-20 

2-04 

Volatile basesj 

0-93 

0-95 

0-77 

0-77 

1-00 

1-04 

0-42 

0-85 


* Calculated as acetic acid (control figure for green crop was negligible), 
t Calculated as lactic acid, after subtracting control figure for green crop, 
t Calculated as crude protein. 
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Table IV. Percentage gains or losses of constituents in hags 1 and 2, 
Silo 1 (containing very immature fodder). 




Bag 1 



Bag 2 



Oreen crop 

Silage 

"\ 

% increase 
or loss 

Green crop 

Silage 

% increase 
or loss 

Moist material ... 

oz. 

848-00 

OZ- 

70()-(K) 

- 9-7 

oz. 

803-00 

oz. 

708-00 

- 11-0 

Dry matter* 

187-00 

108-80 

- 9-7 

190-30 

107-90 

- 11-8 

Organic matter* 

170-50 

152-90 

~ 10-3 

173-50 

151-10 

- 12-9 

Crude protein ... 

18 12 

10-99 

- 0-2 

18-44 

10-18 

- 12-2 

Ether extract* ... 

7-05 

12-94 

f 092 

7-78 

12-40 

i 59 4 

N-free extractives 

95-78 

70-98 

- 19-0 

97-47 

78-57 

- 19-4 

Crude fibre 

48-98 

40-02 

- 6-1 

49-84 

43-95 

11-8 

Ash 

10 47 

15-87 

- 3-0 

16 77 

10-80 

+ 0-2 

True protein 
“Amides” 

14 12 

0-31 

- 55-3 

14-37 

0-05 

- 53-7 

4-00 

10-08 

+ 167-0 

4-07 

9-53 

+ 134-1 


* Allowance made for silage volatile organic acids as acetic acid. Amount of silage 
dry matter calculated as residue after drying at lOO"* C. : 105-3 oz. (bag 1), 104-1 oz. (bag 2). 

Table V. Percentage gains or losses of constituents in bags 3 and 4, 
Silo 2 {containing fodder cut in early maturity). 

Bag 3 Bag 4 

^ ^ ^ A 

% increase increase 



Green crop 
oz. 

Silage 

oz. 

or loss 

Green crop 
oz. 

Silage 

oz. 

or 

loss 

Moist material ... 

710-00 

601-00 

- 7-0 

037-00 

mi 00 

- 

5-7 

Dry matter* 

187-70 

170-80 

- 9-0 

168-40 

1.53-90 

_ 

8-0 

Organic matter* 

173-00 

157-60 

- 9-2 

155-70 

141-30 

_ 

9-3 

Crude protein ... 

15-88 

15-43 

- 2-8 

14-25 

14-38 

+ 

0-9 

lather extract* ... 

7-23 

13-50 

+ 87-5 

0-48 

14-41 

+ J 

122-4 

N-freo extractives 

102-24 

81-61 

- 20-1 

91-73 

08-80 


24-9 

Crude fibre 

48-22 

47-03 

- 2 5 

43-26 

43-05 


0-9 

Ash 

14-13 

13-17 

- 6-8 

12-68 

12-00 

_ 

0-0 

True protein 
“Amides” 

10-98 

7-58 

-31 0 

9-85 

7-38 

- 

25-1 

4-90 

7-85 

+ 60-0 

4 40 

7-00 

+ 

59-1 


* Allowance made for volatile organic acids in silage as acetic acid. Silage dry matter 
calculated as residue after drying at 100^ C. : 105-9 oz. (bag 3), 149-8 oz. (bag 4). 


Table VI. Percentage gains or losses of constituents in hags 7 and 
Silo 3 {containing fairly mature fodder). 




Bag? 



Bag 8 




Green crop 

Silage 

> 

% increase 
or loss 

Green crop 

Silage 

% increase 
or loss 

Moist material ... 

oz. 

566-00 

oz. 

549-00 

- 3-0 

oz. 

007-00 

oz. 

598-00 


1-5 

Dry matter* 

174-00 

154-30 

-11-3 

186-70 

175-90 

- 

5-8 

Organic matter* 

163-50 

143-50 

-12-2 

175-40 

l()4-30 


6-3 

Crude protein ... 

14-09 

14-38 

+ 2-0 

15-12 

14-80 

- 

2-1 

Ether extract* ... 

5-38 

9-29 

+ 72-7 

5-77 

12-04 

f 

108-7 

N-free extractives 

100-12 

77-94 

-22-2 

107-43 

90-04 

- 

16-2 

Crude fibre 

43-92 

41-87 

- 4-7 

47-12 

47-43 

+ 

0-6 

Ash 

10-49 

10-82 

+ 3 1 

11-26 

11-59 

+ 

2-9 

True protein 
“Amides” 

9-76 

8-61 

-11-8 

10-47 

8-06 

- 

23-0 

4-33 

5-77 

+ 33 3 

4-65 

6-74 

+ 

44-9 


* Allowance made for volatile organic acids in silage as acetic acid. Silage dry matter 
calculated as residue after drying at 100° C.: 152-2 oz. (bag 7), 171-9 oz. (bag 8). 
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Table VII. Percentage gains or losses of constituents in bag 5 {containing 
material cut in early rrmturity) and hag 6 {containing material cut in 
medium maturity). Commercial silo. 




Bag 5 



Bag 6 



r 


r 

% increase 


> 

% increase 


Green crop 

Silage 

or loss 

Green crop 

Silage 

or loss 


oz. 

oz. 


oz. 

oz. 


Moist material ... 

671-00 

503-00 

-25-0 

782-00 

659-00 

- 15-7 

Dry matter* 

177-40 

143-40 

-19-2 

181-80 

168-40 

- 7-4 

Organic matter* 

164-00 

132-60 

-19-1 

168-20 

155-50 

- 7-6 

Crude protein ... 

15-01 

13-78 

- 8-2 

19-43 

17-87 

- 8-0 

Ether extract* . . . 

6-83 

9-98 

+ 46-1 

7-56 

13-72 

+ 81-5 

N-free extractives 

96-63 

65-00 

-32-7 

87-27 

76-94 

-11-8 

Crude fibre 

45-57 

43-89 

- 3-7 

53-92 

46-92 

- 13-0 

Ash 

13-36 

10-75 

-19-5 

13-62 

12-96 

- 4-9 

True protein 

10-38 

6-08 

-41-4 

14-74 

9-55 

-35-2 

“Amides’* 

4-63 

7-70 

+ 66-3 

4-69 

8-32 

+ 77-4 


* Allowance made for silage volatile organic acids as acetic acid. Silage dry matter 
calculated as residue after drying at 100'^ C. : 139-2 oz. (bag 5), 104-4 oz. (bag 0). 


Discussion of analytical results. 

In examining the above tables, it will be seen that many of the 
figures raise points which have been discussed in detail in a previous 
communication. The present discussion will be limited to those results 
which bear directly on the special object of the investigation in hand, 
namely, the effect of the stage of maturity of the crop on the course of 
the changes which occur in the silo. 

The results for the silage samples in bags 1, 2, 3, 4 and (S may be 
taken together for purposes of comparison, since all these sam})les had 
been made in the small silos. The results for bags 5 and 0, which had 
been placed in the commercial silo, are not strictly comparable with the 
aforementioned, and will be discussed separately. Bag 7 silage presents 
certain abnormal features, owing to slight spoiling by mould. 

Losses of juice and dry matter. 

Maturity of crop ... Very immature Early maturity Fairly 


^ A ^ ^ A ^ matuni 

No. of bag 1 2 3 4 8 

Loss of juice (oz.) ... -63-8 -72*6 -32-1 -21-5 +1-8 

% loss of dry matter 9-7 11-8 9-0 8-6 5-8 


It will be seen that the percentage loss of dry matter during ensilage 
decreased as the maturity of the crop increased. 

The loss in bag 8 is the lowest which has been recorded in this series 
of investigations, and as no loss owing to drainage occurred in this 
instance, the result indicates that the loss due to fermentation alone is 
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approximately G per cent, of the dry matter with fodder at this stage of 
maturity. 

The results confirm the earlier findings of the writers (2) that the 
amount of drainage and the loss of dry matter are highest when immature 
crops are ensiled, and that the production of the ‘‘acid brown” type of 
silage is associated with the lowest losses. 

The slight mould development in bag 7, which was filled with the 
same type of fodder as l|ag 8, led to a relatively high loss of dry matter, 
namely, 11*3 per cent. 

Changes in the nitrogenous const it uenls. 

The losses of nitrogenous substances were only appreciable in bags 1 
and 2, the reason for this being found in the greater amount of drainage 
from the immature material in these bags. This leads to substantial 
losses of the soluble nitrogenous bodies constituting the “amide” 
fraction of the silage. 

The results show that the hydrolytic changes afiecting the protein 
constituent of the croj.) are most marked in the ensiling of the immature 
crop, the efiect diminishing as the ensiled crop became more mature. 
In bags 1 and 2, more than 50 per cent, of the true protein of the green 
crop was hydrolysed during the ensilage process, this resulting in a very 
large increase in the amount of “amides” (roughly 150 per cent.). In 
the case of the "brown acidic*' silage, however, only about 23 per cent, 
of the true protein was affected by this change, the resulting percentage 
increase of "amides" l)eiug as low as 45 per cent. 

It may be concluded then that conditions of immaturity are favour- 
able to the extensive splitting up of the protein of the crop into amino 
acids. 

yitrogrn-frec extractives and ether extract. 

If fermentative activity in the silo be measured by the amount of 
breakdown (^f carbohydrates, then there is little in this respect to 
distinguish the ensilage processes with the crop at the three different 
stages of maturity. If anything, this type of activity was lowest with 
the most mature fodder (bag 8), since only 16 per cent, of the carbo- 
hydrates was destroyed, as against roughly 20 per cent, in the case of 
the immature fodder (bags 1 and 2). 

The resulting increases of ether soluble constituents due to develop- 
ment of organic acids were not correlated with the amounts of carbo- 
hydrate fermented. This is again mainly due to the disturbing effect of 
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drainage, the effect, as would be anticipated, being most marked in 
bags 1 and 2. In the latter bags a 20 per cent, destruction of carbo- 
hydrates only resulted in a 60-70 per cent, increase of ether extract, a 
substantial proportion of the organic acids having been lost in the 
drainage. In bag 8, however, where no drainage losses occurred, a 16 per 
cent, loss of carbohydrates resulted in the ether extract being more than 
doubled. 

The losses of organic acids are highest ther^ore during the ensilage 
of immature crops. 

The titration of the silage extracts showed that all the samples 
contained a bigger proportion of non-volatile organic acids than volatile. 
The average ratio of non-volatile to volatile acids for bags 1, 2, 3, 4, 5, 6 
and 8 was 1-63 : 1. Dox and Neidig(3) have demonstrated that this 
feature is characteristic of good silage and by direct determination of 
lactic, acetic and propionic acids in maize silage obtained a corresponding 
ratio of 1*34 : 1. 

That the ratio alone is not a criterion of the quality of silage is shown 
by the results of bag 7 silage. In this case the value of the ratio was 
1-33 : 1, in spite of the fact that the amounts of organic acids were 
abnormally low as a result of mould activity. The only safe criterion of 
quality involves a consideration of three factors: (1) Ratio of non-volatile 
to volatile organic acids. (2) Amounts of organic acids. (3) Type of 
volatile organic acid. 


Crude fibre changes . 

In previous communications (2) evidence has been brought forward 
showing that the cellulose of the oat and tare crop does not remain 
unaffected during ensilage, but that a proportion of the fibre undergoes 
breakdown, as a result of bacterial activity, with the probable formation 
of nitrogen-free extractives and organic acids. In addition, the residual 
fibre has been shown to possess greater digestibility than the original 
fibre of the green crop (6). 

The evidence of the present investigation indicates that these changes 
may be controlled by particular conditions, one of these being the stage 
of maturity of the crop. It seems probable, as would be anticipated, 
that the cellulose of the succulent immature crop is much more readily 
affected by bacterial activity in the silo than is the more lignified cellulose 
of the maturer crop. In bags 1 and 2, for instance, the disappearance 
of fibre was fairly considerable, whereas in bags 3, 4 and 8 there was 
little or no evidence of such changes. 
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This finding is in harmony with the behaviour of sunflower fodder in 
the silo, the woody fibre of this crop undergoing no diminution in 
amount during ensilage (r)). 

(JllANDKS OCClTRRiNG IN COMMERCIAL SILO. 

The conditions under which the material in bags 5 and 0 was con- 
verted into silage in the commercial silo differed essentially in several 
respects from those obtaining in the small silos. The temj)eratures of 
fermentation were maintained at a higher level and the bags were sub- 
jected to greater pressures than could be attained in a small silo. 

It is not surprising therefore that bag 5, which was in the lower half 
of the silo and which remained tlierc some months after the removal of 
the other bags, sliould have suflered a very large loss of dry matter 
(lb })er cent.). .A consi(lera})le amount of juice was expressed from the 
material (approx. 131 oz.) and the effect of drainage is further reflected 
in the losses of nitrogenous constituents, organic acids and inorganic 
salts. ' 

Tlie low loss of dry matter (7*1 per cent.) from bag f), which was 
[)laced in tin* u])per half of the silo, was somewhat surprising in view of 
the large loss of moisture from this bag (about IK^ oz.). This bag, how- 
ever, was filled after a wet i)eriod and the material was very wet with 
superficial moisture, wliich presumably must have drained off rpiickly 
without carrying witli it any a])preciable amounts of constituents in 
solution. 

The loss of crudi* fibre from this bag was considerable and suggests 
that the tem})erature of fermentation is another factor which controls 
the bacterial changes affecting the cellulose constituent. 

Summary of results obtained with (uieen "fruity’' silage 
AND "acid brown” SILAGE. 

The conditions controlling the ensilage of oat and tare crops are now 
understood with suflicient precision to enable the type of silage to be 
jiredicted at the time of filling the silo. For this reason it is safe to 
pro])hesy that the very undesirable "sour’’ silage so frequently obtained 
in the early days will quickly disappear altogether and the two kinds of 
silage which will commonly be made will be the green '‘fruity” and the 
“acid brown” types. It is therefore of interest to summarise the results 
which have been obtained in experiments dealing witli these two kinds 
of silage. 
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Percentage gains or losses of constituents during ensilage. 

Green “fruity” silage “Acid brown” silage 



(mean of 8 trials) 

(mean of 3 trials) 


% gain or loss 

% gain or lose 

Dry matter 

-11-2 

- 7-7 

Crude protein ... 

~ 8-2 

00 

Ether extract ... 

+ 52-4 

+ 450 

N-free extractives 

-191 

-14-7 

(Wde fibre 

- 5-5 

- 60 

Ash 

- 9-2 

00 

True protein 

-410 

-28*4 

“Amides” 

+ 85-3 

+ 96-0 


The above summary brings out very clearly the essential differences 
between the chemical processes by which the two kinds of silage are 
produced. The loss of dry matter is greater in making the green “fruity” 
silage than that which is associated with the production of the “acid 
brown” type. This difference is largely a result of the more copious 
drainage which accompanies the ensiling of the less mature and more 
succulent crop and further evidence of this is afforded by a study of the 
losses of crude protein and inorganic salts. Appreciable losses of these 
constituents occur in the production of green “fruity” silage, whilst 
with the “acid brown” variety the losses are nil. (.Conditions of im- 
maturity appear to favour the splitting up of carbohydrates and true 
protein, and the figures for “amides” show that drainage losses must 
deprive the green “fruity” silage of substantial amounts of these soluble 
nitrogenous products. 

It may further be urged that the cutting of the crop in early to 
medium maturity in order to make green “fruity” silage results in the 
ensiling of a smaller weight of forage per acre than would be dealt with 
if the crop were cut at a maturer stage for the production of “acid 
brown” silage. Against this, however, must be set the fact that green 
“fruity” silage is distinctly superior to the “acid brown” type in 
palatability, digestibility and nutritive value. Investigations carried out 
in this Institute have shown that the production starch equivalent of 
100 lb. of the dry matter of green “fruity” oat and tare silage is 4r)-()(t;), 
whereas the corresponding figure for “acid brown” oat and tare silage 
is only 33*4(7). 


In conclusion, the writers would like to express their thanks to 
Mr V. Thurlbourn for considerable assistance in connection with the 
analytical work of the investigation. 
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THE REQUIREMENTS OF THE PIG FOR 
‘^VITAMIN A’’ AND - VITAMIN C.” 

By JOHN BOYD ORR and ARTHUR CRICHTON. 

{The Rowell Inslituie^ Aberdeen.) 

Most of our information on the subject of vitamins has been derived 
from experiments on small animals fed on synthetic diets. The direct 
application of the results of such experiments to the feeding of farm 
animals under practical conditions is not warranted. Animals differ in 
the degree of their susceptibility to disease caused by lack of vitamins, 
and laboratory diets, composed of foodstuffs subject to abnormal 
physical or chemical processes, such as heating under pressure, or pro- 
longed extraction with fat solvents, have no parallel in animal husbandry. 

The only feeding experiments, the results of which are of value as 
guidance to the stock feeder, are those conducted on farm animals with 
foodstuffs actually used in practice. Such experiments are of special 
value at the present time, when, owing to the wide interest taken in 
vitamins, conclusions drawn from research work on this aspect of 
nutrition receive much attention from the practical agriculturist. 

The farm animal which might be expected to be most likely to suffer 
from vitamin deficiency is the pig. It is liable to be kept in continuous 
confinement through the whole period of its life, and to receive a 
monotonous ration, which may consist largely of commercial by-products 
poor in one or more of the vitamins. Further, of all farm animals it is 
probably the one that suffers most from nutritional disorders, with 
symptoms resembling those usually associated with vitamin deficiency. 

Of the three vitamins A, B and C, vitamin B, which is contained in 
grains, grain offal, and most of the natural foodstuffs fed to pigs, is 
almost certain to be present in sufficient amounts in any ordinary ration. 
The two likely to be lacking are vitamin A, or fat-soluble factor, and 
vitamin C, or anti-scorbutic factor. 

The experiments recorded here were carried out to determine (1) 
whether the requirement of the pig for these two vitamins is such that 
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the animal is likely to suffer from deficiency of them when fed on rations 
of grain and grain offal ; and (2) whether, on such rations, the addition 
of these vitamins leads to increased rates of growth. 

Ex'p, 1. Anti-scorbutic factor, or vitamin C. 

In this experiment two groups of pigs were fed on a basal ration with 
little or no anti-scorbutic. One group received the ration only. The other 
group received in addition a supply of anti-scorbutic vitamin C, in the 
form of lemon juice. The animals were weighed periodically, and notes 
taken of their condition. 

Most of the work on scurvy has been done on guinea-pigs, which 
are highly susceptible to deficiency of anti-scorbutic. The requirements 
of the guinea-pig for anti-scorbutic, and the manifestation of scurvy in 
the guinea-pig are, therefore, well known. For that reason, a })arallel 
experiment with guinea-pigs was run, to serve as a control, and as a 
basis of comparison of the results. 

Ex per menial data. 

Pigs. Eight pigs, between seven and eight weeks old, were arranged 
in two grouj)s of four each, so that the average weights of the groups 
were approximately equal. The groups were comparable as to sex and 
litter; i.e. each pig in one group was balanced in the other group by a 
pig of the same sex, and out of the same litter. 

Housing. The animals were housed in two pens, measuring each 
12 feet by G feet, in an animal room with a cement floor. Boards were 
provided for sleeping on, but, to avoid the possibility of the animals 
eating anytfiing in addition to the experimental ration, no litter or 
bedding of any kind was allowed. 

Food. The ration consisted of: 

IVopnrtions 


Bran ... ... ... KK) 

Mid(llinp:s ... ... ... luO 

Crushed oats ... ... 100 

Maize meal ... ... 100 

Blood meal ... ... 25 


To prevent complication of the results by deficiency of mineral 
matter or of fat-soluble A vitamin, the following was added to the 
ration : 

Calcium phosphate ... 15 grams })or })ig per day. 

Magnesium sulphate ... 2 „ ,, ,, 

Potassium carbonate ... 2 „ ,, „ 

Ferric chloride ... ... 1‘5 „ ,, ,, 

Cod-liver oil ... ... 10 c.c. ,, „ 


8—2 
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The above ration is as poor in vitamin C as any ration likely to be 
fed to pigs. According to the Report of the Medical Research Council 
(1919), cereals (whole grain or bran) contain no anti-scorbutic, and as 
this vitamin is destroyed by heating or drying, it may be assumed that 
blood meal contains little or none. 

One group of pigs — the experimental — was fed this ration, wholly, 
or almost wholly devoid of vitamin C. To the other group — the control 
— there was given in addition to the ration, fresh lemon juice to the 
amount of 1 c.c per kg. live weight per day. The juice was mixed with 
the food. 

Water was always available and the animals were allowed to eat and 
drink according to their appetites. 

Guinea- pig control. 

Two groups of young guinea-pigs, three in each group, were ke})t in 
cages with wooden floors, in the same room as the pigs, and were fed on 
the above ration. One of the groups received the ration only; to the 
food of the other there was added 5 c.c. lemon juice per kg. body weight 
per day, i.e. five times as much in j)roportion to their weight as the 
(‘ontrol pig grouj). 

Results. 

The following table shows the rate of increase of weight in the ])igs 
during 1 11 days, after which the experiment was stop[)ed. 

Table I. Weight of Pigs in kilogran}s. 


No. of 






Average g 

ain 


15. vi. 21 

15. vii. 21 

14. viii. 21 

13. ix. 21 4 

. X. 21 

over the jk 

(dod 

3 

11-3 

171 

20-9 

430 

50(; 

0-41 ] 


ryiy 

11-4 

10-9 

29- 1 

45-8 

01-2 

0-45 1 

10 c.e. lemon 

a? 

13-2 

210 

31-9 

5 10 

07- 1 

0-49 1 

juice per j)ig 

f)4 

12-5 

10*2 

23 2 

370 

500 

0*34 I 

p<T (lay 

2 

9*5 

14-5 

25*8 

41-2 

58-3 

0-44 1 


50 

14- 1 

210 

.35-5 

53-9 

710 

0-52 1 

No anti- 

58 

14-3 

21-5 

310 

48*8 

00*7 

0*47 

scorbutic 

()5 

l(>-3 

10-4 

200 

43-4 

58- 1 

0-43 j 


The 

average 

increase 

in weight 

; per day 

in the control 

group was 


0*421 kg., and in the experimental group 0*465 kg. The average gain in 
the former group was decreased by pig No. 64, which was from the same 
litter as No. 65 of the experimental group. This animal grew less rapidly 
than the others in the early part of the experiments. Even omitting this 
animal, the rate of gain in the experimental group is slightly greater 
than in the control group. 
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On the 111th clay, when the experiinciit was stoj)j)e(l, all the animals 
aj)peared in perfect healtli. No difference couhl be detected in the 
condition of the coats, the activit}^ or the ‘‘thrifty” a})|)earance of the 
two groups. 

Gaitmt-pifj confrol cxpcrinienL 

In tlie group receiving no anti-scH)rl)\itic the well-known signs of 
scurvy aj)})eared in all the animals during the third week. One died on 
the 21st day, one on the 22nd, and the third was Icjsing weight. The 
post-mortem examinations showed the well-known signs associated with 
scurvy. 

In the grou]) receiving the lemon juic(‘., signs of scurvy a[)pear(*(l in 
one of the animals during the third week. It died on the 2‘jrd day. The 
other two showed no signs excejit that the rate of increase of weight 
slowed down. 

As the obj(*ct of this control experiment had been accomplished as 
soon as it was dcmionstrated that the diet given to the pigs was really 
deficient in anti-scorbutic, a double amount of lemon juic^e was given 
to all the surviving guinea-pigs from the 21th day onwards. The food, with 
the increased allowance of lemon juicjc, was continued until the -loth 
day from the beginning (jf the experiment. All tlie animals wert‘ then 
evidently in good health and showing normal gadns in weight. 

The results of these experiments show that the pig can be maintained 
in health for at least 1 1 1 days, on a ration tliat allows the development 
of delinite signs of scurvy in the guinea- pig within 20 days. 

Exp. 2. Fat-solitble A or vitamin A. 

The experiment recorded here deals with the influence on the rate 
of growth and general health of the addition of cod-liver oil to a ration 
poor in vitamin A. 

Experimenta I dal a . 

The conditions of the experiment were the same as in Fxj). 1, with 
which it ran (joncurrently. 

The basal ration consisted of: 

] Proportions 

Bran ... ... ... ... 100 

Crushed oats ... ... ... 100 

Blood meal ... ... ... 8 

Anti-scorbutic was supplied in the form of 20 c.c. fresh swede juice 

per pig per day, mixed with the food. 
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The following salts provided additional mineral matter and neutralised 
the excessive acidity of the ration. 


Amounts given 


Calcium phosphate 
Magnesium sulpliato 
1 Potassium carbonate 
Ferric chloride 

Calcium carbonate... 
NaOH10% 



7-6 grams! ^ kilo of ration 
30 c.c. ^ 


It is unlikely that any ration fed to })igs in practice could contain 
less fat-soluble A than is found in the above. According to the Report 
of the Medical Research Council the cereals (grain or bran) contain 
none. The blood meal used contained only 0*24 per cent, of fat, and what- 
ever vitamin was originally present, would be partially, if not wholly, 
destroyed in the process of manufacture. The blood meal, which was 
added to ensure that the protein would be sufficient in quantity and 
quality to suj)port growth in the early stages, when a narrow albuminoid 
ratio is required, was gradually decreased, and was omitted altogether 
at the end of the second month. 

To the food of one group there was added 10 c.c. of cod-liver oil per 
pig per day, and to that of the other an equal amount of linseed oil. 
Cod-liver oil is abundantly rich in fat-soluble A. Linseed oil is poor in 
this vitamin. According to the Report of the Medical Research Council 
it contains none. 

Results. 


The following table gives the individual gains in weight over a period 
of 110 days. 


Table II. Weight in kilograms. 


No. of 






Total eain 

over 

pig 

15. vi. 21 

15. vii. 21 

14. viii. 21 

13. ix. 21 

3. X. 2 

whole period 

63 

10- 1 

16-3 

25*8 

.38-6 

49*5 

39*4 1 

1 

107 

108 

10- 1 

9-7 

130 

130 

19- 8 

20- 2 

305 

30*3 

38*6 

37*8 

28*41 
28*1 i 

1 

^ Linseed oil 

1 

no 

10-6 

14*3 

22*7 

37*6 

46*3 

35*7 J 

1 

61 

10-9 

16-9 

27-3 

42*3 

530 

42*1] 


106 

9-4 

101 

15-7 

27-5 

36*2 

26*8 I 

Cod-liver 

109 

9-7 

11-6 

16-5 

28*8 

38*2 

28*51 

oil 

112 

10-4 

12-2 

19-8 

32*8 

43* 1 

32*7 J 



For the first few weeks none of the animals throve, probably owing 
to the large amount of fibre in the food. During this period the “linseed 
oil” group gained in weight more rapidly than the “cod-liver oil” 
group. Towards the end of the experiment the reverse was the case. 
For the whole 110 days there was little difference in the rate of growth, 
as indicated by weight, or as could be judged by the appearance. The 
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linseed oil group gained, on an average, 0*299 of a kilo per day, and the 
cod-liver oil group 0*296. All the animals appeared normal, and in good 
condition, at the end of the period. 

Exp. 3. Addition of vitamins A and C to an ordinary 

COOKED RATION. 

In this experiment an attempt was made to determine whether the 
addition of vitamin A and C to a ration commonly fed to |)igs during 
the fattening period would result in increased rates of gain in weight. 
Foodstuffs commonly used were chosen to form the ration. As vitamin 
C and to a less extent A are said to be destroyed in cooking in the 
presence of air, and as it is a common inistom, especially when feeding 
potatoes, to boil foodstuffs for pigs, the basal ration was subjected to 
prolonged heating. The cooked basal ration was fed to one group, and to 
the other group vitamins were added, and the influence on rate of 
growth and on condition was noted. 

Experimental data. 

Animals and Housing. Nine pigs, four months old, out of the same 
litter were divided into three grou])s of three each, and housed separately 
in pens. The conditions with regard to housing were comparable in the 
three groups. As a control three pigs of the same age and breed, but of 
a different litter, were allowed to riui on pasture. 

Food. The basal ration consisted of: 

Proportions 

Potatoes ... ... ... (H)0 

Middli^^^s 200 

Locust bean meal... ... 150 

VVliite lisli meal ... ... 100 

During the experimental period the '‘nutritive ratio” was gradually 
reduced from 1 : 1-5 to 1 : 6-4 by the addition of maize meal. 

The ration was brought to boiling-point and kept boiling for an hour. 
It was then left in the boiler overnight. The ffsh meal had already been 
subjected to a high temperature for about 10 hours during the process 
of manufacture. 

The following additions were made to the ration. The amounts stated 
were for the three pigs of the group. The cut grass was given in a separate 
trough. The additions were mixed with the food. 

Group I Group II Grou}) 111 Group IV 

60 c.c. cod-liver oil 1300 grams fresh 150 grams oatmeal Liberty to graze 

400 grama Irtish grated cut pasture grass 
swede turnip 
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In Group I the cod-liver oil gave an abundant supply of vitamin A, 
and the swede of vitamin C. In Group II the fresh pasture grass gave 
a rich supply of A, B and C. In Group III the oatmeal, which contains 
no vitamin, was added to balance the energy value of the additions to 
Groups I and II. 

A box containing a mixture of chalk, coal and wood ashes, and sulphur 
was provided for each pen, and water was always available. 

The amount of food given was regulated by the appetite, which was 
fairly uniform throughout the groups. All the animals had the same 
amount of food per day. 

Results. 

The following tables shows the average gains in weight during the 
feeding period of 64 days. 

Table III. Average weights in kilograms. 



2. ix. 21 

5. xi. 21 

(Jain 

Cod-liv'or oil and swede 

40-7 

90-2 

49-5 

Grass ... 

40 1 

874) 

47-2 

Oatmeal 

39*7 

88-5 

48-8 


5. ix. 21 

5. xi. 21 


Grazing 

40*6 

884) 

480 


The small differences in gain are insignificant, especially as the 
caloric value of the additions to the basal ration were only roughly 
adjusted, and Group IJ did not always clean up all the green stuff given. 
All the animals were in excellent condition on the 64th day, when this 
part of the experiment finished. 

Two of the pigs in the oatmeal group were continued on the ration 
for a further period of 64 days, to ascertain whether any sign of mal- 
nutrition would appear with prolonged feeding on the cooked ration. 
At the end of the period the animals appeared in perfect condition, and 
post-mortem examination showed no abnormality of bones or other 
tissues. 

The following table shows the gains in weight of these two animals 
over the whole period of 127 days. 

Table IV. 

Weight in kilograms 

^ ^ Average gain 

2. ix. 20 5. xi. 20 8. i. 21 per day 

44*4 95*0 140 0-75 kg. 

36*3 86*7 126 0*71 „ 
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It seems doubtful therefore, whether, during the period of fattening, 
the addition of either vitamin A or vitamin (J to ordinary rations fed to 
pigs leads to any beneficial results. 

Discussion of results. 

Sherman ( 1921 ) states that scurvy occurs in the ]>ig, but gives 
neither data, nor reference to data, in support of the statement. J dimmer 
(1920) describes as scurvy a condition of malnutrition which occurred in 
four months old pigs fed on meal, shar])s and turnips. He considered 
that the disease had been cured by stop])ing the cooking of the food. 
The condition noted was most probably due to deficiency of calcium. 
Orr and Husband (1922) found that a four months' old pig recpiires from 
10 to 12 grams of calcium (as CaO) per day. This is merely a confirmation 
of older work. Kellner (1 907) recommended that growing pigs should 
have 5 to 12 grams of chalk per day added to their ration to secure a 
sufficient J=^u])ply of calcium. A reference to the tables of Forbes (19 13) 
or Kdnig(1919) shows that the largest ration of turnips and cereal 
products that a pig could consume would contain a mere fraction of the 
amounts shown to be necessary. The im])rovement in the condition of 
the animals in question was therefore most ])robably due not to any 
change* in the ration, but to the fact that they were turned out to 
])asture, and allowed to graze and root. The mineral matter of the 
pasture tends to correct the natural deficiency of cereals, especially with 
regard to their deficiency in calcium. 

The results of Fx]). 1, quf)ted above, indicate that the pig is little 
susce{)tible to scurvy. In this it resembles the rat, which can make a 
complete life-cycle on a diet with no anti-scorbutic, without showing 
any of the signs of scurvy: or the prairie dog, which Mc(/ollum (F)20) 
has shown to thrive for six months on a diet similarly deficient. 

The results of Kxp. 3 show that the mere cooking of a ration is not 
in itself sufficient to produce scurvy in pigs, even assuming that it is 
possible to produce that condition in pigs at all. 

Some observations on the influence of fat-soluble A on the rate of 
growth of pigs have been made by Zilva, (folding, Drummond and 
Coward (1921) in the course of an investigation the juimary object of 
which was to determine whether pigs on a diet deficient in this accessory 
factor would develop rickets. They found that ‘‘Tio definite rickets was 
produced in sucking-pigs fed from birth on a diet rigorously restricted 
in the fat-soluble factor.” With regard to the rate of growth, they 
conclude that “the addition of the fat-soluble factor in the form of 
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cream, cod-liver oil, or lucerne to a deficient diet stimulated growth in 
pigs declining in weight.” 

The experiment was done with four young pigs which were put on 
the experimental ration when only four days old. Two were given a diet 
roughly similar in composition to sow’s milk. It contained fresh cow’s 
milk, crude caseinogen, cream and a salt mixture. Other two were given 
a diet similar in composition except that it contained no fat-soluble A. 
The pigs on the fat-soluble A-free diet did badly in the beginning of the 
experiment, eating less and putting on less weight. One died, and to 
save the other cream was added to its ration for 13 days. During that 
period appetite and growth were improved, and at the end of it the cream 
was withdrawn. Thereafter this pig ‘‘in spite of the restricted diet kept 
on growing after the resumption of growth produced by the adminis- 
tration of the cream, even better than the animals in the control group.” 
The experiment began on August 17th. On November 2()th the weight 
of the animal on the diet poor in the fat-soluble A despite the initial 
check was 72 lb. ; the weights of the two on the diet rich in fat-soluble A 
were and 72| lb. respectively. 

This experiment was much better controlled with regard to the 
amount of fat-soluble A present than those recorded above. The con- 
stituents of the diet were freed from this factor by chemical or physical 
processes. Any fat-soluble A the animal could have got must have been 
given in the cream which was fed for a few days at the beginning of the 
experiment, and any that may have been present in the unpurified 
caseinogen which, for the greater part of the experiment, was given 
instead of caseinogen which had been treated to remove any trace of 
vitamin A. In view of the result, viz. that the pig on the diet so rigorously 
restricted in fat-soluble A grew, on the whole, better than its neighbours 
which were on the diet rich in this factor, the conclusion of the writers 
that “the requirement of the })ig for the fat-soluble factor seems of a 
low order” would appear to be completely justified. 

In the other experiments of these writers, where the addition of 
lucerne or cod-liver oil produced improvements in growth, the animals 
were on a ration of “toppings” and whey. This ration is markedly 
deficient in mineral matter and especially in calcium. Sow’s milk con- 
tains in percentages: protein, 7-2; CaO, 0*41; PgOg, 0-35 (Konig). In 
toppings, i.e. wheat offal, the percentages are: protein, 17*8; CaO, 
0*08; P2O5, 21*1. The ratio of calcium to protein in sow’s milk is about 
1 : 17. In toppings it is only about 1 : 200. In whey the percentage of 
calcium is variable, but always less than in cow’s milk, where it varies 
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from 0*13 to 0*17. The animals must, therefore, have been suffering from 
a marked deficiency of calcium, and a great excess of phosphorus. 
“Lucerne,” or Alfalfa hay, contains in percentages: protein, 14*9; CaO, 
1*95; P2O5, 0*54. The lucerne would therefore tend to correct both the 
deficiency of calcium and the wrong ratio of calcium to phosphorus. It 
would also supply iron. Alfalfa hay contains 0*169 per cent. 
whole wheat only 0*02 per cent., and whey certainly not more than 
whole milk, which contains only 0*0001 to 0*0002 per cent. (Hess and 
others, 1920). In view of the results of Elliot, Oichton and Orr (1922) 
on the relative influence of mineral deficiency and vitamin A deficiency 
on the growth of young pigs, the influence of the lucerne can, most 
probably, be taken as due to the mineral content rather than to its 
vitamin content. 

In the ease of another sow on the same mineral deficient ration, tho 
addition of crude cod -liver oil was followed by increased rate of growth. 
The results of experiments by Husband, (sodden and Richards(1923), 
carried out at this Institute during the past two years, show that oil 
per se has an influence in increasing the percentage of calcium absorbed 
from the intestine. It is probable therefore that the beneficial results 
noted were not entirely due to vitamin A. In any case the influence of 
the oil was apparently not sufficient to compensate for the deficiency of 
the ration, because the young pigs from this sow which, during pregnancy, 
was again on the “whey and toppings” ration, were born defective. 
The young pigs showed oedema, with ascites, hydropericardium and 
hydrocele- j)henomena somewhat similar to that found by Mcffowan 
and Crichton (1923) in the young of jugs sucking sows on an iron- deficient 
diet. 

It is noteworthy that it was the sow that, for a period, received the 
cod-liver oil, that had the defective litter, and that the sow which, for 
the same period, had lucerne, rich in calcium and iron, had a normal, 
healthy, litter. Cod-liver oil is the richest known source of fat-soluble A. 
According to Zilva and Miura(1921) it contains several hundred times 
as much as butter. The beneficial effects of lucerne are therefore to be 
ascribed to the minerals present, rather than to fat-soluble A. 

A most interesting series of ex})eriments which throw light on the 
requirements of the pig for vitamins, although they were not carried out 
for that purpose, are recorded by McCollum and Hoagland (1913). They 
were studying the endogenous metabolism of the i)ig, and, for experi- 
mental puri^oses, fed yoimg pigs on a diet with no jnotein. The ration 
in all these experiments consisted for a time of nothing but starch and 
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salts, with some agar-agar, an indigestible carbohydrate, to secure 
evacuation of the bowels. In one of the experiments the animal con- 
tinued for the whole experimental period of 73 days on a diet of starch 
and salts. No mention is made of any signs of vitamin deficiency, and 
it is unlikely that experienced workers like McCollum and Hoagland would 
have continued to carry out physiological experiments with an animal 
in a pathologi(!ai condition. It may be assumed therefore that the gross 
signs of disease associated with deficiem’.y of anti-scorbutic, or fat- 
soluble A factor, did not appear. Signs of vitamin deficiency tend to 
a])pear earlier in cases where the ration is badly balanced, and especially 
when there is an excess of carbohydrate (MeX 'arrison, 1921). In this 
case the energising part of the ration (consists of nothing but starch — a 
pure carbohydrate. From the result of this experiment, together with 
that of Zilva and others, in which the growing pigs on the diet rigorously 
restricted in the fat-soluble factor made better gains in weight than the 
controls on the vitamin A rich diet, it would aj)pear that the retjuirement 
of the pig for vitamin A or C must be remarkably low, juovided the 
mineral matter of the diet is adjusted to the requirements of the animal. 

Crowther (1922) carried out a series of feeding experiments with 
growing pigs. He used cereal meals as the basal ration. The cereals arc 
lacking in anti-scorbutic and contain very little fat-soluble factor (Med. 
Res. Report, l.c.). He found no definite improvement in rate of growth 
on the addition of either green food, which supplies both vitamin A 
and C, or of cod-liver oil. 

In a more recent practical feeding experiment carried out by White 
and Roberts (1923) the results obtained by Crowther were confirmed. 
The experiment ran for 1 1 2 days. During that period the aiiimals that 
were fed on the ration with the low content of anti-scorbutic; factor, and 
fat-soluble factor, and were confined in pens, made an average gain in 
weight of 1*37 lb. per day com})ared with 1-35 lb. in the control grou}) 
which had green food ad lib. in addition to the basal ration. There was 
no sign of nutritional disease in the former group. They “ looked ])articu- 
larly well right through the experiment.” These workers conclude that 
“there must be less danger of pigs suffering from lack of ‘vitamins’ 
than is often suggested.” 

In the experiments carried out by the writers no definite beneficial 
effect seemed to accompany the addition of vitamin C or the fat-soluble 
factor to a ration purposely arranged to be as deficient in these as any 
ration likely to be fed in practice. 

It may be concluded that the requirement of the pig for these two 
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vitamins is so low that, during the usual fattening period, i.e. between 
weaning and slaughter, there is little likelihood of })igs suffering from 
vitamin dcnciency under practical feeding conditions. 
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A NOTE ON SOIL SHRINKAGE. 


By E. a. fisher. 

{Department of Textile Industries, Leeds University.) 

In a recent paper by W. B. Haines^ a study has been made of the 
shrinkage a soil undergoes during drying. It was shown that the shrink- 
age takes place in two stages in each of which there is a linear relationship 
to the moisture content. If the volume shrinkage during drying is 
plotted against the water content (calculated on a volume basis) the 
curve obtained consists of two straight lines cutting one another sharply. 
The first portion of the curve is inclined to the horizontal axis at an 
angle of 45° indicating that the volume shrinkage is exactly equal to the 
volume of water lost. The final portion of the curve, near the “dry” 
end and representing what Haines calls the residual shrinkage, is also 
straight (or nearly so) and is inclined to the horizontal axis at a much 
smaller angle than 45° indicating that the volume shrinkage in this 
region of the curve is much less than the volume of water lost. This 
portion represents the shrinkage that occurs when the drying process 
has been carried so far that the pore space is no longer full of water but 
contains air that has replaced some of the lost water. 

Many of the quantitative data adduced by Haines are in accord with 
some of the writer’s experimental results on the evaporation of water 
from soil 2 and a comparison of the two sets of data yields some interesting 
conclusions. At the same time there are differences of interpretation 
that are difficult to reconcile with the experimental facts and in the 
present note a brief examination of these points of agreement and 
difference will be made. 

The two sets of data are not strictly and quantitatively comparable 
as different soils were dealt with in the two cases. Kaolin, however, is 
probably a sufficiently uniform product to justify a strict comparison. 
With this material the break in the shrinkage curve occurred at 24-8 
per cent, water content (calculated on a dry weight basis). In this case 
no further shrinkage occurred, i.e. with kaolin there is no residual 

^ This Journal, 1923, 13, 296. 

2 Ibid. 121; Roy. Soc. Proc. 1923, 103 a, 139, 664, 
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shrinkage, the shrinkage being wholly of what may be called the normal 
type, since the curve is inclined to the axis at 45"^. At this point on the 
curve the pore spaces begin to empty, air to some extent replacing the 
evaporated water. The value obtained by the writer for the critical 
moisture content (i,e. the moisture content at which the rate of evapora- 
tion begins to fall off from constancy) of kaolin was 13*5 per cent. From 
this it would appear that the whole of the water, loss of which produces 
normal shrinkage, is water the evaporation of which is expressed by 
part of the horizontal portion of the rate of evaporation curve. The 
water content at which the shrinkage changes from normal to residual 
seems to be much greater than that at which the rate of evaporation 
begins to fall off from constancy. The residual shrinkage curve would 
correspond therefore with a portion of the horizontal and the whole of 
the slo})ing portions of the writer’s eva{)oration curves for kaolin, sand, 
silty soil, ball clay, etc. This is significant because the writer has shown 
that any imbibitional or '‘gel" water present is given off along the 
horizontal portion of the rate curve, except in those cases (c.r/. Rotham- 
sted subsoil) where the colloid content, and consequent imbibition, is 
too great. In such cases the evaporation of imbibitional water is con- 
tinued beyond, i.e. below, the critical moisture content producing 
curvature in the evaporation curve. This seems to indicate that normal 
shrinkage is due to the loss of both imbibitional and interstitial water 
when these are present together. 

This conclusion is strengthened by a further com})arison of the data. 
The critical moisture contents, corrected for curvature, of the Rothamsted 
subsoil (clay fraction 55-4 per cent.) and the fractionated subsoil (clay 
content unknown but certainly very much more than 5,1-4 per cent. — 
probably 80 or 90 per cent.) are 21 and 35 per cent, respectively, while 
the moisture contents at which the curvature ceases, i.v. at which the 
whole of the imbibitional water has been given off, are 7-5 and 18-5 
per cent. res})ectively. The soils used by Haines that are most comparable 
to these were a clay separate (clay fraction — 90-5 })er cent.), a Sudan 
clay (clay fraction 42-3 per cent.) and a Durham clay subsoil (clay 
fraction 33*8 per cent.). The moisture contents (calculated on a dry 
weight basis) at which the normal shrinkage gave place to residual 
shrinkage are, according to Haines, Ih-T, 13-0 and 15-2 per cent, respec- 
tively. While the comparison is not strict owing to the considerable 
differences between the tw^o sets of samples, there can be little doubt 
that these values are below, and perhaps well below, the critical moisture 
contents. It is highly probable that these soils would exhibit curvature 
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in their evaporation curves showing that evaporation of imbibitional 
water is continued below the critical moisture content: since the normal 
shrinkage is also probably continued below this point the presumption 
is strong that both imbibitional and interstitial water are equally 
responsible for the normal shrinkage. 

Haines^ suggests that the total amount of shrinkage imdergone by a 
soil when dried from its point of maximum plasticity to the beginning 
of residual shrinkage is linked with the clay content, in which case im- 
bibitional water should be jointly res 2 )onsible. At the same time Haines 
maintains that the residual shrinkage dei)ends on the organic content 
which he suj)poses forms a film or colloidal coating or pad round the 
soil particles. “ Owing to the highly colloidal nature of these pads they would 
not part with their water until the later stages of the drying of the soil'^, that 
is to say, their part in the shrinkage would be played after air began to 
displace water in the soil pores. This is the region of residual shrinkage.” 
The writer’s work has shown that “colloid,” i.e. imbibitional, water 
evaporates with great ease and comes off before the last several per cent, 
of interstitial or capillary water: this applies as much to organic colloidal 
matter as to mineral colloidal matter or clay^. In view of these con- 
siderations it is difficult to accept the theory that residual shrinkage is 
due to evaporation of “colloid” water from films of organic matter that 
surround the soil particles. The fact that residual shrinkage could not be 
induced in kaolin by adding up to 1*5 per cent, of gelatin is significant. 
Haines’ suggested explanation of this that “it must be supposed that the 
gelatin remains distributed throughout the water without any tendency 
to form films round the kaolin particles” is also difficult to accept"*. At 
the point of inflexion the water present would appear to have a con- 
centration of gelatin of nearly 4 j)er cent, which would form a gel at 
ordinary temperatures. Almost the whole of this gel would be in the 
form of annular “water” wedges between the kaolin particles, but, on 
general grounds, a concentration of gelatin with possibly the formation 
of a separate rigid gelatin phase at the water-kaolin interface might be 
expected to occur. If so, the actual film must be extremely thin, so that 
the mineral particles themselves must form a framework in which each 

^ This Journal, loc. cit. 304. 

2 Italics are tho writer’s. 

® E. A. Fisher, This Journal, loc. cM.; further details will bo given in a later paper in 
this Journal. 

* The following paragraph was rewritten and considerably extended in collaboration 
with Mr W. B. Haines, to whom the writer is glad to express indebtedness for much helpful 
criticism. 
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point of contact is rigid, bearing some resemblance to a glued joint. 
There cannot, of course, be any sivollen gelatin in the film, as otherwise 
residual shrinkage would occur. The film must be supposed to consist 
rather of gelatin that has been denatured, i.e. removed from “solution” 
and as it were “ precipitated ” upon the kaolin surface, much as in the 
formation of a skin over the surface of a cup of cocoa and other surface 
films on colloidal solutions, such as those investigated by Ramsden^, 
Metcalfe-, Shorter^ and others. Such an effect has been investigated by 
Zsigmondy^ in the protection” of gold sols by gelatin and it is on such 
action that J. Loeb*''* has recently formulated an extremely interesting 
theory of eolloids. It would be curious indeed if so 

essentially adhesive a material as gelatin did not form films round sand 
or other mineral particles. W'ith coarse sand, which shows no tendency 
to cake on drying, the writer obtained a hard “brich” by moistening 
with a dilute gelatin solution, (*.ooling and drying; it is dithcult to believe 
that the strength of such bricks can be due only to the extremely thin 
films of dry gelatin interlacing through the spaces of the kaolin frame- 
work with no adhesion between the two systems. vSuch adhesion of thin 
preci])itated films seems to the writer the obvious explanation of the 
considerable increase in pore space that occurred in these gelatin-kaolin 
systems. This, as Haines suggests, is largely due to the increased pore 
space at the time of mixing, but the point is that at low water contents 
this thin film of gelatin -the glued joints as one might almost call them 
— may be sufriciently strong to prevent that slipping of large numbers 
of kaolin particles over one another that would be necessitated by a re- 
duction in pore space at thc^se small water contents. Moreover, judging 
from the curves in Haines' paper (]>. dOT), there are distinct, though 
slight, indications of residual shrinkage. Thus the normal shrinkage ceased 
at about bO ])(‘r cent, water content, after which there appears to be a 
slight residual shrinkage of nearly 3 per cent., which however ceased 
entirely at a water content of 30-35 per cent, owing, if the above con- 
siderations are valid, to the increasing strength of the thin gelatin films. 
With no gelatin, on the other hand, normal shrinkage ceased suddenly 
at 24*8 per cent, water content after which there was no indication of 
any residual shrinkage. 

On the other hand, residual shrinkage was induced in kaolin by 
generating silica gel on the surfa(*e of the particles. This certainly seems 

^ Hoy. Soe. Pror. 1903, 72 , leO; Zc.it. phys. Chc7n. 1904, 47 , 342. 

2 Zfk phys. Chem. 1905, 52 , 1. ^ pj.n May. 1900, 11 [0], 317; 1909, 17 [0], 500. 

^ KoUoidchemie (UOpsie, 1918), 173, 358. ^ Jourii. Chn. Physiol. 1923, 5, 479. 

Joum. of Agric. Sci. xtv 9 
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to point to a film or pad of some sort being necessary for residual shrink- 
age to occur but one must look elsewhere than to the typical ‘"gel” or 
imbibitional water for the explanation. The non-imbibitional water of 
colloids (other than capillary water), such as water held in solid solution 
or chemically (such, for example, as the so-called water of hydration of 
many minerals, e.g. zeolites), is held somewhat tenaciously, but is far 
too small in amount (2 or 3 per cent.) to be a serious factor in the problem 
under consideration. 

A provisional explanation can be suggested if it be assumed that the 
“pad” postulated by Haines is of lower mechanical strength than the 
soil particles themselves, so that it is less able to withstand forces 
tending to produce distortion. Residual shrinkage begins as soon as air 
begins to replace some of the lost water, that is as soon as water wedges 
with free menisci appear between the soil grains. When these menisci 
are less than 3/x in diameter the wedges will be under a tension tending 
to pull the soil particles (already presumably in contact) closer together. 
This pull, small at first, increases rapidly as the water wedges by evapora- 
tion recede further and further into the interstices between the soil 
grains until, when the meniscus has a diameter of 2-4/x/x, the calculated 
pull may be as much as 1170 atmospheres. Forces of such magnitude may 
easily be sufficient to cause rupture of the pads — whether organic or 
mineral in nature — especially if the relatively dry soil mass is not packed 
in the closest possible manner. This is most likely to be the case with the 
peaty soil which had the biggest pore space (50-5 per cent.) as well as 
the largest residual shrinkage (18*2 per cent.) of all those examined. 
Kaolin when treated with silica gel not only gave a residual shrinkage 
of 3*2 per cent, but also an increase in pore space of about 3 per cent., 
while the total shrinkage has increased by only 1*7 per cent. The almost 
complete absence of residual shrinkage in the gelatin- treated kaolin (in 
spite of the large increase in pore space of from 37-8 per cent, to 48-e5 
per cent.) is probably due to the relatively enormous strength of thin 
films of gelatin ; it is well known that under favourable conditions a good 
glued joint is stronger than the surrounding timber and the same may 
be true of kaolin. 

A comparison of the experimental results of Haines and those of the 
writer enables one to define more closely than previous work allowed 
the significance to be attached to the critical moisture content^ and to 

^ It is perhaps unfortunate that the writer should have used this term in view of its 
earlier use in another connection by Cameron and Gallagher {11, S. Dept, Agric,^ Bur. Soils, 
Bui. 50, 1908). As used by the writer it means merely the moisture content at which the 
rate of evaporation begins to fall off from constancy. 
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explain the divergence between the first sloping portion of the evapora- 
tion curve and the corresponding portion of the vapour pressure curve. 
In kaolin for example, as has already been stated, normal shrinkage 
ceases at a water content of 24-8 per cent, and this is also the point at 
which air enters the pore space to replace water lost by evaporation. 
At this point, therefore, annular water wedges with free menisci begin 
to appear between the soil grains and evaporation proceeds from these 
as well as from the relatively thick water films round the particles. As 
evaporation proceeds from the water films and wedges near the surface 
the lost water is largely replaced by water from the interior of the mass 
moving outwards by capillarity through the interstices and througli the 
films. Evaporation therefore ])rocecds at a constant rate as no appreci- 
able alteration in surface area occurs. At a lower water content, viz. at 
the critical moisture content (1 3*5 per cent, in the case of kaolin), a point 
is reached at which the water films have become so thin that water 
can move through them only with great slowness; their vapour pressure 
falls rapidly to such an extent that evaporation from them becomes too 
slow for it to be a serious factor in the total rate at this stage. The 
evaporation therefore takes place almost entirely from the water wedges 
and as it proceeds the wedges recede progressively further into the 
interstices between the soil grains; the menisci that constitute the 
evaporating surface become progressively smaller in area long before they 
begin seriously to diminish in vapour pressure and a fall in rate of eva})o- 
ration follows. It is unlikely that vapour pressure operates as a serious 
factor in determining the shaj)e of the evaporation curve until cjuite small 
water contents are reached. Thus Thomas' showed that with a Ureenville 
clay loam containing 27*2!) per cent, of parti(?lcs smaller than O-OOo mm. 
the vapour pressure was depressed by only 2 per cent, when the water 
content was reduced to 9 per cent., while with a water content of (> per 
cent, the depression of the vapour pressure was only 5 per cent. AVdth a 
clay separate containing 44*8 per cent, of particles below 0*005 mm. and 
63*2 per cent, of particles between 0*02 and 0-005 mm., the water contents 
corresponding to 2 per cent, and 5 per cent, depressions of the vapour 
pressure were a little less than 14 and 10 per cent, respectively. Reasons 
are given in the writer’s earlier paper ^ for supposing that the rate of 
evaporation below the second break in the rate curve is independent of 
the vapour pressure, being determined almost solely by the slowness of 
movement of water within the soil mass. If these reasons are valid it 
would appear that progressive lowering of vapour pressure as drying 

1 Soil ScL 1921, 11, 409. " Ho^/. Soc. Proc., Joe. cl. 

9—2 
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proceeds lias little, if anj, influence in determining the shape of the 
evaporation curve although it may exert some slight effect on the slopes^. 

Summary. 

A recent paper by W. B. Haines on soil shrinkage is discussed and 
his explanation of residual shrinkage criticised in the light of earlier 
work by the writer on evaporation of water from soil. A modification 
of Haines’ tentative explanation is suggested. 

The experimental results of Haines have rendered it possible to 
define more clearly than previous work allowed the significance of the 
critical moisture content and the divergence between the first sloping 
portions of the rate of evaporation curves and the corresponding portions 
of the vapour pressure curves. 

^ Paragraph 1 of p. 121) of a former paper (This Journal^ 192.*]^ 13 , 121-4.‘i) should be 
ro- interpreted in the light of these eonsiderations. 

{Received Ocioher l‘V//,, ]92eb) 



ON THE PEllCHLORATE METHOH FOR THE 
ESTIMATION OF POTASSIUM IN SOILS, 
FERTILISERS, ETC. 


Kv IT. .1. PACK. 

Rot7t(iinsl(>(f Exjwri SfdlioH, H(( rpenflrH , Herts, 

The perchlorate method for the estimation of ])otassiiim in fertilisers, 
soil extracts, and plant aslies has been studied by Davis (J), working 
in these laboratories. He carried out a careful investigation into the 
sources of error of the metfiod and claimed that when used according to 
the conditions worked out by him, the method was 'dnore simple in 
manipulation and mon*. uniform and exact in its results” than the older 
platinum chloride method. In general, this claim setmis to be well 
founded, but from time to time cases have come to the author’s notice, 
in which erratic results were obtained. Indeed, sporadic outbreaks of 
iiTes])onsibility appear to be a feature of the method. In general, the 
position is summed up in the statement that tin' perchlorate method, 
while more convenient and less exjieiisive than the jilatinum method, 
and usually at least equally accurate, is nevertheless liable occasionally 
to give faulty results erring on the side of highness. 

The author’s attention was forcibly directed to this question recently, 
owing to the sudden failure of the method in these laboratories, many 
cases of soil, fertiliser, and plant material analysis giving wildly dis- 
cordant duplicates and impossibly high results. This was accompanied 
by an epidemic of deflagrations, which were hable to occur when alcohol 
was added to the residue after concentration of the perchloric acid to 
the fuming vstage; these deflagrations were particidarly lial)le to occur 
in soil and plant analyses, in which baryta had b(Hm added in order to 
remove sulphates. At the same time, great difficulty was experienced 
in carrying the concentration to the fuming stage, many times the usual 
amount of perchloric acid being needed, and even then the fuming was 
not usually as dense as it should be, but was accompanied by an un- 
usually strong smell of '' euchlorine.” Attention was immediately directed 
to the purity of the perchloric acid in use. None of the impurities for 
the presence of which tests are provided in the ‘'List of Ileagents lor 
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Analytical Purposes,” issued by the Institute of Chemistry (2) could be 
detected. An investigation of the precipitates of supposed potassium 
perchlorate, the weights of which gave such impossibly high results, 
revealed the presence of barium in those precipitates obtained from soil 
and plant analyses and of a sodium salt and a chloride in the precipitates 
from analyses of potash manure salts. With all such precipitates it was 
also found that many successive washings with 95 per cent, alcohol 
(saturated at the laboratory temperature with potassium perchlorate) 
brought about successive reductions in weight, corresponding to the 
gradual removal of a barium or a sodium salt from the precipitate. For 
some time the cause of these abnormal occurrences was a matter of con- 
siderable mystification, until it occurred to the writer that an explanation 
was to be found in the possible contamination of the perchloric acid with 
chloric acid. Qualitative tests for chlorates were accordingly applied 
to the perchloric acid, and to the faulty precipitates obtained in the soil 
and fertiliser analyses, in every case with positive results. 

Determinations of chloric and perchloric acids in the reputedly pure 
perchloric acid gave the following results (samples A and B) in com- 
parison with that given by a satisfactory sample {C), 


Table I. Composition of samples of ''perchloric acid. 


Analytical reference 

Sample of 

HClOg 

HCIO 4 

N'3. 

acid 

/o 

/o 

483/13 

A 

20-50 

0-40 

431/150 

B 

6-93 

16-79 

431/149 

C 

0-29 

2:i-89 


The firm which supplied these samples subsequently explained that 
sample A had been supplied in error, and did in fact consist almost wholly 
of a solution of chloric acid instead of perchloric acid. The fact that 
sample B gave equally bad results shows, however, that the trouble was 
not merely due to the firm's error of labelling in the case of sample A, 
but is liable to occur with any sample of perchloric acid containing a 
moderate 2)ercentage of chloric acid, such as sample B. 

The following results show the magnitude of the error which arises 
from the use of this impure perchloric acid^. 

The methods used for preparing the material for analysis were as 
follows: 

Soils. The soil extract, prepared as recommended by the Agricultural 
Education Association (3), was treated as described by Davis (i, p. 56). 

^ Many of tho analyses here reported were carried out by Messrs G. C. Sawyer, T. Eden 
and A. H. Bowden, to whom acknowledgements are made. 
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Fertilisers. The official method for the analysis of salts of ])otash 
containing sulphates (4, p. 21). 

Plant material. The material was ashed and the ash treated as 
described by Davis (i, p. 63). 

Table II. 

Estimations of potash in soils, fertilisers, ami phinl material. 

K 2 O, calculated from the weight of precipitate 
obtained by iiwiiig 

Good perchloric acid 

Analytical (Samjile A ) Bad perchloric acid* 

ref, no. Material analysed 


480/10 LydneyPark: 

“Available” 

0*0085, 0*0085 

0*0920, 0*0909 

480/14 Tongham, White Lane 

Farm: “Total” 

0*29, 0*27 

1*31 {A) 

Welwyn Garden City: 
480/38 “Total” 

0*40, 0*42 

1*93, 1*03, 1*39 (A*) 

480/39 “Available” 

0*0070, 0*0008 

0*0119, 0*0101, *0212 (A) 

Fertilisers 

493/101-2 Kainit 

14*23 

32*50, 32*10, 30*04 (.1;: 24*00 {B) 

431/171-2 Sylvinite 

(by platinum method) 
17*24, 17*44 

(i) 29*39, (ii) 30*90 {B) 

J^lant material 
480/30 Linseed 

0*88, 0*85 

2*03, 1*02, 1*28 (B) 


* The sample of “perchloric acid” used is indiciated by the letter (.1) or (B) after the 
values in this column, reference being to the samples thus described in Table I. 


The effect of successive washings with about 100 c.c. of 95 per cent, 
alcohol (saturated with potassium perchlorate) on the weight of the 
'‘KCIO^’^ precipitate is shown by the following figures, which were 
obtained by treatment of the precipitates from the analyses of sylvinite 
(Table II). 

Table III. 

Effect of successive washings on the faidlg ‘‘KOIO4” 'precipitates, 

(i) (ii) 

gm. gm. 

Original weight of “KCIO4” precipitate 0*8(>52 1 0808 

Weight after first washing 0*70(50 0*9274 

second „ 0*0502 0*7204 

„ third „ 0*4780 0*5782 

These precipitates after their third washings were redissolved in 
water and treated wi th good perchloric acid (sample C) and concentrated 
in the usual way. After this treatment, their weights agreed with those 
originally obtained in the analysis of sylvinite using good perchloric 
acid (see Table II). 
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Table IV. 

Ejfeci of re-treat merit of fault i/ “KCIO4” precijntateSy 
with qood perchloric acid. 

(i) (ii) 

gm. gm. 

Weight of “KCIO4” precipitates after third washing ... 0-4786 0-5782 

Weight after re-treatment with good HCIO 4 ... ... ... ... 0-6022 0-6120 

Original weight of KCIO 4 , precipitate from analysis using good IICIO 4 0-6072 0-6131 

The way in which the presence of chloric acid in the perchloric acid 
gives rise to trouble is tolerably clear. In the case of soil and plant 
analyses, the liquid to which the perchloric acid is added contains barium 
hydroxide, added to reinove suljihates. This baryta gives barium chlorate 
with the chloric acid, and owing to the lower concentration of perchloric 
acid (as a result of which it is also difficult to induce fuming on con- 
centration) a certain proportion of the barium chlorate escapes con- 
version to barium perchlorate. Barium chlorate is a powerful oxidising 
agent, and thus frequently gives lise to deflagrations on the addition of 
alcohol. It is moreover only sparingly soluble* in alcohol and it therefore 
largely remains behind with the ])otassium jierchlorate and is weighed 
as such. In the case of analyses of potash manure salts, the ])reliminary 
treatment removes all metals except jiotassium and sodium, which are 
present as chlorides in the liijuid finally treated with jierchloric acid. 
Here again, chloric acid appears to act as a diluent of the perchloric 
acid, })reventing the complete conversion of sodium and potassium 
chlorides and chlorates into perchlorates; the ])i'eci])itate obtained 
contains a plentiful amount of chlorates, as found by an examination 
of the alcoholic wash liquids. Potassium chlorate is only very slightly 
soluble in alcohohc perchloric or chloric acids, and sodium chlorate, 
although more soluble than the potassium salt, is not sufliciently so to 
remain completely in solution. The final precipitate therefore consists 
of a mixture of potassium perchlorate, potassium and sodium chlorates, 
and some unchanged chlorides; the whole of this is weigh (id as KCIO4. 

When present in sufficiently high concentration, perchloric acid 
decomposes both chlorates and chlorides. Hence the re-treatment of 
the faulty precipitates with a good sample of perchloric acid results in 
a residue of pure potassium perchlorate of the correct weight. 

It would appear very probable that the occasional failures of the 
perchlorate method are largely due to this cause, which has escaped notice 
owing to the non-recognition of chloric acid as an impurity in perchloric 
acid, and its omission from the usual tests for analytical reagents (2). 

Using a satisfactory sample of perchloric acid, Davis showed quite 
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definitely that the perchlorate metliod was superior to the platinum 
chloride method; there is no reason to doubt Davis’s conclusions, j)ro- 
vided that, in view of the results described in the })resent pa[)er, the 
perchloric acid used is free from chloric acid. I’his may be readily ascer- 
tained as follows: 

One cubic centimetre of tlie acid, which should already have been 
submitted to the tests for chlorides, sul[)hat(is, etc. as laid down in the 
approved tests (2), is diluted with 20 c.c. of water, and a few crystals 
of ferrous sulphate are added. The liquid is boiled for a short while, 
acidified with nitric a(*id, and a few drops of silver nitrate solution added. 
No more than a faint turbidity should be produ(‘e(l (])rovi(led the original 
acid has been shown to b(‘. fr('(‘ from chlorides). The same method can 
be used for the quantitative determination of chloric acid in an iinpure 
sample. 

The Additiox of Calcium Carbona'I’k 'po Sou. Extracts 
IN WHICH Potassium is to be estimated. 

Mention may also here 1)(‘ made of a small deta.il in the estimation 
of ])otassium in soils l)y the perchlorate method, in whi(‘h imjirov'ement 
is possible. In the case of a soil oiaginally deficient in calcium carbonate, 
it is customary, following Neubauer’s instructions^')), to add O-b gm. of 
pure calcium ca.rt)onat.e to the soil (‘xtract before evaporating and 
igniting, since that author fouml that in the abs(*nce of sullicient calcium 
salts, the potassium in tin* ignit(‘d residue \vas liable to be only ])artially 
soluble in waPu*. The use of such a relatively large amount of calcium 
carbonate results in the consumption of an unduly large amount of per- 
chloric acid, since the Mdioh'. of the (*alcium chloiade present in the water 
extract must be converted to perchloiate before an excess of perchloric 
acid remains, as indicated by strong fuming on concentration. Pure 
perchloric acid, although, of course, much cheaper than platinum 
chloride, is nevertheless quite an expensive item when a large number 
of routine analyses is involved. There is, moreover, an increased danger 
of contamination of the K(d ()4 precipitate should the washing with alcohol 
be at all limited. 

There appears to be no necessity for so much calcium carbonate to 
be used; the ]) 0 ssibility of using less without sacrificing accuracy, and 
of thereby economising in [>crchloric acid consumption, was investigated. 
The following arc the results obtained with soils originally entirely 
deficient in carbonates, using in one case 0*5 gm. CaPOg and in the other 
0-1 gm. CaCOg. 



138 Estimation of Potassium in Soils, Fertilisers, etc. 


Analytical 

Amount of 

“Total” 

Amount of perchloric 
acid needed to induce 

reference 

CaCOa added 

KgO found 
/o 

fuming on concentration 

no. Soil 

gm. 

c.c. 

Leadon Court: 
625/6 Boyce Field 

0-5 

0-60 

7-5 

01 

0-60 

2-5 

New Meadow 

0*5 

0-54 

7-5 


01 

0-55 

2*5 

The question has not been tested 

on a variety of 

soils but the above 


results appear to indicate that considerable economy in perchloric acid 
may be effected by the use of 0*1 gm. of calcium carbonate instead of 
0*5 C.C., without any sacrifice of accuracy. 

Summary. 

( 1 ) It is shown that the presence of chloric acid in the perchloric acid 
used for the estimation of potassium in soils, fertilisers, and plant 
material, by Davis’s method (i) gives rise to very erratic and erroneous 
results. Every sample of perchloric acid should, therefore, be tested for 
freedom from chloric acid before being used for the estimation of 
potassium. 

(2) Results are quoted which indicate that in the application of 
Neubauer’s method of treatment of the soil extract to a soil deficient in 
carbonates, it is sufficient to add only 0*1 gm. of calcium carbonate to 
the extract instead of the 0*5 gm. generally used. A considerable economy 
of perchloric acid is thereby effected. 
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THE DETERMINATION OF POTASH IN SOILS. 

By a. it. DODD. 

(Chemical and Bad eriological Laboratory, Thorncliffe, Sheffield.) 

In June, 1921 , the writer undertook a series of soil analyses in connection 
with the field trials organised by Dr J. A. Tlanley for the Department of 
Agriculture at the University of Leeds. The soils were of diverse kinds 
and included samples of most formations from the Carboniferous upwards, 
most of which were from poor immanured grass land. They were of 
obviously low potash content. 

It soon became apparent that the well-known perchlorate method 
for the determination of potash could not be used for all soils indis- 
criminately without modification. It is considered of interest to those 
soil chemists who have to carry out potash determinations only occasion- 
ally to give some account of the difficulties met with. They have generally 
neither the time nor the facilities to read the extensive literature which 
has ajipeared in various journals since .1831 or to oxjicriment with the 
method. 

This work was not commenced with any idea of publication. There 
was no reason at the outset to suspect the method as given by Davis^ and 
described in the Chemists^ Year BooL^. The work described, therefore, 
does not follow a definite line of research. 

An outline of the method originally used is as follows: 

100 c.c. of the hydrochloric acid soil extract (equivalent to 5 gm. of air 
dry soil) or 500 c.c. of the citric acid soil extract (equivalent to 50 gm.) 
were evaporated down to dryness. 1 gm. of chalk was added during this 
process and if sulphate was shown to be present by a qualitative test 
10 c.c. of saturated barium hydroxide solution was added also. The 
residue was ignited (“ Neubauered ”) for 12 hours at slightly less than dull 
redness till all traces of carbonaceous matter were burnt off and complete 
insolubility of iron, etc. was insured. The sintered residue was leached 
six portions each 20 c.c. of hot distilled water, the washings being put 
through a small filter paper. This extract is referred to in the following 
remarks as “aqueous extract.” It was invariably colourless and on 
standing a fine white scum of calcium carbonate appeared. A few cubic 

^ Journ. Agric, Sci, (1912), 5, p. 52. 

* Chemists' Year Book (1922). Section on Soil Analysis, ed. Sir E. J. Russell. 
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centimetres of dilute hydrochloric acid were added, followed by 10 c.c. 
of perchloric acid (sp. gr. 1*12). This quantity is much larger than that 
recommended by ilavis; a much larger quantity than 2*5 c.c. had already 
been found necessary by Dr Hanley. After evaporating till fuming, 
20 c.c. of 98 per cent, alcohol were added and the perchlorate filtered oft’ 
on a Gooch crucible; the washing liquor was alcohol saturated with 
potassium perchlorate, about 50 c.c. being used. 

Despite all precautions it was found that certain soils, on addition 
of alcohol to the ])erchloric acid concentrate, gave precipitates which 
were partially amorphous, or gave material with the perchlorate which 
was obviously not potassium perchlorate. At times the precipitate 
choked up the asbestos filter and it was found impossible to get the 
alcohol through. Neither in Davis’s original paper nor in any recent 
work on soil analysis is any mention of such difficulties found. Dr Hanley 
was of the opinion that tlie mass could be rendered suitable for filtering 
by re-evaporation with fresh perchloric- acid, care being taken that the 
hot sand bath did not touch the edge of the concentrate. Actually two 
concentrations were often carried out. Morris^, however, recommends 
three. Further, it was Dr Hanley’s invariable procedure to wash with 
alcohol till a further small wash did not a})prcciably diminish the weight. 
This procedure is quite impossible when the asbestos filter would not 
allow the alcohol through except after hours of pumping. 

It may be mentioned in passing that there is no consensus of opinion 
as to the best washing agent. Davis originally used alcohol with *2 per 
cent, perchloric acid and later suggested alcohol saturated with potassium 
perchlorate, which, according to Thin and Cumming^ is perfectly satis- 
factory. Atkinson^ proposes methyl alcohol containing 5 per cent, of 
perchloric acid (sp. gr. M2), in which it is stated that the sulphates 
and phosphates of sodium and magnesium are soluble. 

Others, however, mindful of the fact that potassium perchlorate may 
be precipitated from the washing liquid if sodium perchlorate be present, 
have reverted to the use of alcohol with traces of perchloric acid, e.g, 
Baxter and Kobayashi^ use absolute alcohol with *1 per cent. HCIO4 
(see also Keitt^). At all events Morris, following Gooch and Blake, 
finally used 100 c.c. of 98 per cent, alcohol to 1 c.c. of perchloric acid 
(sp. gr. 1*12), i,e. approximately 97 per cent, alcohol and *2 per cent. 
HCIO4. It is a pity that this experimenter did not try the effect of 

^ Morris, Analyst^ Oct. 1920, 45 , No. 535, p. 349. (A most important paper with 
bibliography.) 2 j^rn. Chem, 80 c. 1915, 107 , p. 361. 

^ Analyst, 1921, p. 354. * Journ, Amer. Chem. 80 c. 1920, p. 735. 

® Journ. Ind. and Eng. Chem. 1920, 12 , p. 276. 
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washing with methyl alcohol liquors as liis work is ])robably the most 
thorough contribution to our knowledge of the process and is of the 
highest order of accuracy. If there are no disadvantages attached to the 
use of methyl alcohol wash liquors such as alcohol denatured with 5 ])er 
cent, methyl alcohol, as suggested by Baxter and llujxutb tlie fact that 
the sulphates of sodium and magnesium are solu})le is of very great 
importance. No investigation was carried out on these* points by the 
])resent author, but in certain of the analyses the* acid wash liquor was 
used in place of the perchlorate wash liquor; no aj)])re(‘iably dilferent 
results were obtained. There are widely differing o]>inioiis as to the 
pro])er amount of wash liquor to use. Davis did not consider it of much 
importance whether one used 3D or 150 c.c.; Thin and humming ])ropose 
3(D()() c.c., whilst Morris and others r(*strici tJie amount as far as possible. 
Since the perchlorates likely to be met with ai‘e r(*adily soluble in alcohol 
there seems no necessity to use a large amount t‘S])ecia]ly as no amount of 
washing will remove sodium or calcium sulphates if ])reseiit. 

Since the author could not find any simph* nutans of overcoming the 
chief difficulty, viz., the presence of insoluble bodies with tlie ])ercK!orate, 
it became obvious that there was some serious d(‘f(‘ct in tlie preliminary 
treatment. 

Careful blanks were carried out on the reagents. The specimens of 
perchloric acid were poor one labelled A. K. (*onta,ined *73 per cent, of 
solid matter after ignition, another had |)ercej)tible (piantities of chloric 
acid (?), for when alcohol was add(‘.d to the ]K*rchloric acid concentrate 
th(i whole burst into flame. 

The hydrochloric acid was changed as that us(*d at first contained 
traces of sulphate. The purest alcohol obtainabh* was employed. Tlie 
distilled water was always view(‘d with suspicioji owing to the state of 
the Leeds atmosphere. When control (‘xperimeuts w(‘i‘e carri(‘d out 
using I gm. of pure calcium ca.rbona.te and the usual quantities of the 
ordinary reagents a fine deposit wa.s invariably found on addition of the 
alcohol. This amounted from a few Lmths of a milligram to J-b mgm. 
This is, of course, a relatively enormous quantity (1-5 mgm. of pre- 
cipitate corresponds to approximately *01 per cent, of KgO in an ordinary 
determination) but was unavoidable. This deposit is doubtless silica 
from the reacting vessels — quartz was not available- and sul])hate from 
the water and frpm the gas fumes in the laboratory. 

As a result of the prehminary work it seemed that sulphates must be 
the cause of the trouble. Sodium and calcium sulphates in the aqueous 
^ Journ. Amer. Ckem. Soc. 1920, p. 2040. 
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extract would nob be decomposed by perchloric acid; there seems to be 
no reference to this point in most accounts of the methods of determina- 
tion of potash soils. [It is generally assumed that barium, hydroxide will 
remove the sulphate; a slight excess of barium not being thought deleterious.^ 
Morris notes the difficulty of keeping barium from the precipitate and 
Jarrell^ also records the fact that barium ‘‘gets through.’' For this 
reason the author was very shy of using this reagent. Consequently 
barium hydroxide was only added to those soil extracts which gave a 
qualitative test for sulphate. Whenever barium hydroxide was added 
traces of barium were invariably found in the perchlorate precipitate. 
Further than that addition or non-addition of barium hydroxide had 
not the slightest effect on the nature of the precipitate. If the soil extract 
gave an impure perchlorate precipitate at the final stage, the addition 
of barium hydroxide to the extract before evaporation caused no im- 
provement. 

Certain of the perchlorate precipitates were analysed for 804 " by 
dissolving up in strong hydrochloric acid and precipitating the sulphate 
in the usual way with barium chloride. Generally the solution obtained 
in hydrochloric acid was slightly turbid - possibly due to presence of 
silica. When barium hydroxide had been added to the original soil 
extract it was always necessary to filter off the trace of barium sulphate 
found in the precipitate before determining the other sulphates — pre- 
sumably those of sodium, calcium or magnesium. From six determina- 
tions, two of which were from “available” potash determinations, the 
amount of sulphate in the precipitate amounted to over 5 per cent, 
reckoned as CaS() 4 . The magnitude of the error in “total” determina- 
tions is illustrated by Table I. 

Table 1. 

Wt. of precipitated 

perchlorate Wt. of BaSC )4 

Soil and im 2 )iirity ’ jirecipitated 

Thornton le Beans. Boulder Clay •0315 *0098 

Skipton. Boulder Clay -0132 -0077 

Ainderhy Steeple. Glacial Sand *302 -0082 

In order to summarise the results into one table the methods employed 
are given under six headings. 

Method 1 . This implies that the procedure was that already described 
as “official.” Unless marked with an asterisk no barimn hydroxide was 
added to the extract. 

1 Journ. Amer. Assoc, of Agric. Chetn. 1915, 1, 29; abs. Journ. Soc. Chem. Ind. 1916, 
p. 1170. 
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Method 2. The perchlorate precipitates obtained by addition of 
alcohol were filtered and washed. After drying they were dissolved in as 
little water as possible and the insoluble matter filtered out. A little 
water was used for washing but the final bulk did not amount to more than 
25 c.c. The filtered extract was again concentrated with perchloric acid. 
By this means a large number of determinations were carried out on 
“total” potash which are not recorded here. If calcium sulphate is 
present the error remains and is too great to be corrected for in “avail- 
able” determinations. 

Method 3. In order to eliminate sulphate entirely barium chloride 
was used to precipitate sulphate from the original aqueous extract 
and the excess of barium chloride removed by two evaporations and 
concentrations with ammonium carbonate, the barium carbonate being 
removed by filtration after each. The ammonium salts were removed 
by concentration in a beaker to avoid “creeping” and the final con- 
centration and ignition carried out in a silica basin. The residue was 
leached out with a little hot water, the extract filtered and the con- 
centration with perchloric acid carried out in the usual way. This ])rocess 
is very tedious and there is a great risk of loss in removing ammonium 
salts. 

Method 4. As the former is too long for routine work a snort cut was 
tried by removing calcium as oxalate from the aqueous extract. The 
filtrate from the oxalate precipitation was concentiated with aqua regia, 
evaporated and ignited gently. It was hoped that the sulphate formed 
by double dec()m})ositioii of the ammonium oxalate and calcium sulphate 
would be removed by evaporation without any back reaction in the solid 
phase. There seem some possibilities in this device but there was no 
time to carry out many determinations. 

Method 5. It should be easily ])Ossible to remove sulphates from the 
actual perchlorate precipitate by the method described under “ 3. ” Several 
determinations were ciirried out but the process was abandoned as the 
ammonium perchlorate formed suddenly flares off in the final ignition 
to remove ammonium salts. There is probably a loss owing to the high 
temperature; and risk of losses through explosion'. 

Method 6. If the insoluble substance obiained along with the j)er- 
chlorate were only calcium sulphate it should be possible to allow for 
this 2. 

One has merely to precipitate the sulphate in the precipitate with 

^ Cf. Joseph and Martin. Journ. Chem. Soc. hut. 1920, j). 94 t. 

® Morgan. Journ. Ind. En^. Chem. 1921, p. 225. 
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acid and barium chloride in the usual way and from the weight of SO/' 
calculate the amount of presumed calcium sulphate in the original 
precipitate. In April, 1922, the author received a copy of the Norwegian 
Geological Survey pamphlet No. 108^, in which E. Johnson discusses 
the methods available for the determination of potash in minerals. 
]teferring to the perchlorate method he states‘^: 

“Certain sulphates can influence the results — not Fe, Al, Mn and Mg 
sulphates, however, as these are soluble in alcohol. Ha and Sr sulphates 
are insoluble and remain back in the filter after washing out with warm 
water so that they can be eliminated from the result. Potassium sul})hate 
is soluble in al(X)hol and will be converted into perclilorate with excess 
of perchloric acid. On the other hand sodium and calcium sulphates 
which are insoluble in alcohol but soluble in water are weighed as 
potassium perchlorate. When these are present the sulpliate must be 
precipitated from the hot water extract (of the perchlorate precij)itate) 
with barium chloride and hydrochloric acid and calculated to 

2 CaS 04 .H/). 

Because in, for example, cements. . .only a trivial error is caused by 
(calculation of tlie sodium sulphate likely io occur, as CaSOiJH.^O - 
molecular weights 112 and 115 res})e(‘tively.” 

In the fable which follows the '‘allowance for CaSO^ ’ is based on 
a molecular weight of 120. 

ColxdtinilrUc McfJiod, On the advice and information of Mr Lowson 
of the Department of Chemistry in the llniversity of Leeds, this method 
was tried when the work was about half com})lete. A description of 
the method used is given at the end of this paper. 

In the following table (Table TI) all the results are drawn up together 
but the figures for any one soil were not necessarily obtained at the same 
time nor on the same extract. 

Naturally only those soils whi(*h gave troublesome precipitates were 
experimented with. “Total” ])otash estimations which gave crystalline 
precipitates with only that amount of insoluble body as would be 
expected from the blanks were accepted. 

Notes on Table 1 L 

There are far too few experiments for definite conclusions except 
that agreement of duplicates by the “standard” method is no criterion 
that the results are correct. In the table there are only two com])aiisons 

^ Norges Qeologiakv, tJnde,r8okdmf Nr. 108. “Glimmennineralernes Botydning som 
Kalikilde for Planterno.” Gold«olimidt and Johnson, Statens Raastofkoniite Publikation, 
Nr. 8, Kristiania, 1922. 

^ Om bvantitativ besleimnehe av Kali, p. 07, by E. Johnson. 
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of the second method with others in the first soil it is evident that 
the bulk of the impurity had been removed by this method and the 
figure obtained, *012 per cent., is comparable with those in columns G 
and 7. That obtained by removing sulphate and excess of barium is 
evidently too low either owing to loss in manipulation or to adsorption 
of alkali ions by the three barium precipitates. It was realised that the 
second method is of interest to soil chemists as a short means of over- 
coming the sulphate difficulty when they are estimating potash in 
fertilisers or “total” potash in soils of known normal potash content. 


Table II. 


Method 


Soil 


No. I’iirisli and formation 

1. Bishop Burton (Wold): 

CrctaceoiivS 

2. Burl/on Agnes (Wold): 

C^retacoous 


3. Pickering: Oolitic 
Limestone. 


4. 

5. Wykeham : Lacustrine : 

(post- Glacial) 


6. Garforth : 

Coal Measures 

7. Wykeham : Lacustrine: 

(Alluvial) 

8. Nostell: Coal Measures 

9. Bramharn : Magnesian 

Limestone 
10. Bolton Abbey 


Total or available 

Standard method 

Re -extra cling and 
filtering precipitate 

Removing sulphate 
and xs barium, etc. 

Removing calcium 
as oxalate, etc. 

Removing sulphate 
and xs barium from 
perchlorate 

Allowing for 
calcium sulphate 
in ppt. 

Cohaltinitrite 

method 

Av. 

•028 

•012 

•007 

— 

— 

— 

•009 


•037 

— 

— 

— 

— 

•0095 

— 

Av. 

•023 

— 

•010 

•015 

— 

— 

— 


•032* 











— 


•028* 

— 



— 



— 

— 


•025 

— 

— 

— 



— 


T. 

•01* 


•070 

— 

— 

•075 

•052 


•58* 

— 

•08 

— 

— 

— 

•048 


•113 

•17 

•019 

— 

— 

— 

— 


•050 

Av. 





•003 

•007 

•0085 

•008 

T. 

•012 


— 

— 


•008 

— 

*.55 

•07 



z 



•31 



•34 


•55* 

— 


— 

— 

•45 

•36 


•03* 

— 

— 

— 

— 

•47 



•57 

_ 

— 

— 

— 

— 


T. 

100* 

•286 

•140 


— 

— 

•13 


•91 

— 

•124 

— 

— 


— 

Av. 

•019 

— 

•014 

— 

— 

•010 

— 






•015 






•018 


•003 

— 

— 

— 

— 

•052 

•035 


— 

— 

— 

— 


— 

•031 


•032 

— 

•0047 

— 

— 

— 

■0043 


It is evident that the perchloric acid precipitate on re-solution in a small 
quantity of water can only be saturated with calcium sulphate which is 
only soluble to the extent of *02 part per hundred, i.e. the sulphate 
taken up by a final bulk of 25 c.c. cannot be more than •005 gm. This 
amount can be corrected for in the final calculation. This is only possible 
Journ. of Agric. Sci. xiv 10 
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in a ‘‘total’' estimation, in which the perchlorate precipitate amounts 
to nearly *1 gm. ; in determinations of “available” potash the precipitate 
is so small that the error involved is too great. 

Tests on a shallow soil from the Oolitic limestone (Nos. 3 and 4) 
were carried out most carefully for two reasons. The soil seemed ab- 
normally low in potash for that district and the extracts gave no qualitative 
test for sulphate. The figure *61 per cent, given by Method 1 for the “ total” 
potash, was confirmed by a repetition; the cobaltinitrite determinations 
were carried out on a fresh extract prepared for the other determinations. 
In these, two and a half times the usual quantity of extract was employed 
and it will be noticed that the results are higher than the cobaltinitrite 
figure. When dissolved in water the perchlorate showed a faint turbidity. 

The soil from Garforth was acid, having a lime requirement of 0*33 per 
cent. CaC 03 and the sulphate present was due chiefly to Leeds’ smoke. 
It will be observed that barium hydroxide had no effect in removing 
sulphate. 

Generally speaking the removal of sulphate followed by removal of 
barium gave results comparable with those obtained by the cobalti- 
nitrite method. 

Discussion of Results. 

In view of the above results the following conclusions are drawn. 

The presence of sulphates in a soil may vitiate the results obtained 
by the standard procedure. It is not sufficient to test the soil quali- 
tatively for sulphate in order to decide whether or not it is necessary 
to add barium hydroxide at the initial stage. The qualitative test for 
sulphates by adding barium chloride to the acidified soil extiact is not 
dehcate enough; in presence of a large excess of other salts and organic 
matter the sulphate may not be precipitated. Further, organic sulphur 
is taken up in the soil extract and is oxidised to sulphate in the sub- 
sequent treatment of the extract. 

If sulphates are present, addition of barium hydroxide to the hydro- 
chloric or citric acid extracts is useless to remove them. Firstly the 
sulphate precipitated as barium sulphate on adding barium hydroxide 
to the extract is converted back into calcium sulphate when the 
evaporated extract is ignited according to the Neubauer method; 
carbonates are formed during the ignition and the conversion of calcium 
carbonate into calcium sulphate is to be expected. The following re- 
action in the dry phase can easily be demonstrated: 

CaCOg + BaS 04 ^ BaCOg + CaS 04 . 
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Moreover, the carbonaceous matter in the ignited mass may be 
instrumental in the formation of sulphates in the subsecjiient treatment, 
as follows. As is well known sulphates are reduced by ignition with 
carbon when barium sulphate is ignited in contact with filter paper; 
in ordinary analytical work due allowance has to be made for the re- 
duction of sulphate to sulphide. Hence sulphates in the residue which 
is obtained on evaporation the soil extract may be reduced to sulphides 
by the carbon formed in breaking up of the organic matter during the 
subsequent ignition. These sulphides are leached out with water and 
appear in the aqueous extract. Immediately perchloric acid is added 
they are oxidised to sulphates. There are also other considerations. Hirst 
and Greaves^ have discussed in great detail the solubility of barium 
sulphate in alkali salts. They point out that it is not so easy to precipitate 
barium sulphate completely as is generally supposed. It does not seem 
very likely that the barium sulphate left behind in the ignited soil 
extract would be appreciably soluble in the water used for leaching out 
the soluble salts. However, the possibility remains and cannot be dis- 
regarded when one is dealing with small amounts of precipitate. 

Morris emphasises the possibility of excess of barium in the solution 
being converted into sulphate by the gas fumes in the laboratory. It 
is obvious that under ordinary conditions this is diflicult to avoid. The 
cumulative effect of these possible sources of sulphate must be con- 
siderable. It may be relevant to mention in this connection that 
Dr Hanley avoids adding barium hydroxide to the raw soil extracts to 
remove sulphate so that any complications introduced by ignition of 
barium sulphate in the dry phase are ruled out. He removes sulphate 
from the aqueous extract. Experience, however, has shown that barium 
sulphate nevertheless ap])ears in the perchlorate precipitate. This may 
be attributed to (a) solubility of barium sulphate in alkali salts, (b) the 
formation of colloidal barium sulphate, (c) formation of sulphate by the 
excess of barium taking up sulphuric acid from the vitiated air of the 
laboratory. In this process there may be a loss of potassium by adsorption 
or occlusion in the barium sulphate precipitate and in the foregoing ex- 
periments in which excess barium was removed from the aqueous extract 
after removing sulphate an undoubted error is caused by this adsorption. 
This, however, is not observable by any defect in the precipitate 2. 

^ Soil Scienccy 13, No. 4, p. 221. 

® Methods have been studied in order to improve the precipitation of barium sulphate 
such as precipitation mider pressure or in “extreme dilution.” Cf. Hahn and Otto, Journ. 
80 c. Chem, Ind, 1923, pp. 427 a, 962 a. 
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Hence the soil chemist is faced by all these actual difficulties and 
possible sources of error. It is not always practicable in an ordinary 
agricultural laboratory to use quartz vessels, electric evaporators and to 
adopt the technique necessary to get results free from suspicion. 

The author is therefore strongly of the opinion that the cobaltiiii trite 
method should replace the perchlorate method as the official method for 
soil analysis. It has been claimed that by this method it is possible 
to estimate accurately the y)otash in J c.c. of blood. For small quantities 
of potash the Norwegian pamphlet recommends this process. 

For that reason a brief resume of the method finally adopted is given. 

COBALTINITRTTE MeTHOD FOR PoTASH DETERMINATION. 

The process used is substantially that of Mi tscherlich as modified by 
Christensen and Feilberg^, in whose paper a resume of the most im- 
portant work on the subject has appeared. The precij)itation is carried 
out in the way described by Mitscherlich excejit that excess of sodium 
chloride is used in solution. It was desirable to shorten the three pre- 
liminary ignitions. Mitscherlich recommends concentration of the soil 
extract with dilute acids and ignition, followed by treatment with a 
few drops of pure sodium carbonate and re-ignition. The residue is then 
neutralised with dilute nitric acid and again ignited. The preliminary 
experiments shov^ed that the following simplified procedure worked 
satisfactorily. 

The aliquot portion of soil extract was concentrated down in the usual 
way (nitric acid was added to the acid extracts) and the mass ignited 
over a full Bunsen flame for six hours. The sintered mass was leached 
out with about lOO c.c. of water and the filtered extract evaporated 
in a glass dish with a few drops of dilute hydrochloric acid. This residue 
was extracted with water, filtered, and concentrated to 10 c.c. c.c. 
of 10 per cent, cobalt chloride solution, 5 c.c. of 10 per cent, sodium 
nitrite solution and 5 c.c. of saturated common salt were then added. 
The solution was evaporated down to dryness on a water bath, the mass 
being constantly stirred with a glass rod to avoid formation of crusts. 
A little glass dust facilitates this, as recommended by the above authors. 
The mass is then worked into a fine state of division with 3 c.c. of 10 per 
cent, acetic acid, a few cubic centimetres of water are added and the 
whole is filtered through a Gooch crucible. The solution often filters 
badly and instead of an asbestos filter, filter paper covered with a layer 

1 Christensen and Feilberg, Landw. Slot, 97 , p. 27. 
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of glass dust has been suggested (Christensen and Feilberg); two thick- 
nesses of good filter paper intended for barium sulphate precipitates 
will, however, hold the cobaltinitrite (juite well. The lower circle should 
be slightly larger than the upper so that it can be well pressed round the 
side under pressure, being washed with the 2*5 per cent, sodium sulphate 
solution (the wash liquor used) at the same time. The subsequent treat- 
ment followed the usual lines except that for titration N/20 permanganate 
was used, 1 c.c. of which corresponds to *0047 gm. KgO. 

The following are typical results. 

Duplicate portions of three different soils were taken and to one (6) 
of each •00254 gm. of KgO were added, in the form of KCl. The values 
obtained for the percentage of K 2 O in the soil were as follows: 


Parlingtoii 

“Total” ((/oal Measures) 

(a) % K.() -342 

{h) % K,(.) *340 

(After deducting that 
added as KCl) 


Parlingtoii Kipling Coates 

(Magnesium Limestone) (Wold Soil, Chalk) 

•231 -193 

•230 -lOO 


In another series potash was actually determined in the perchloric 
acid precipitates obtained by the standard procedure. Soil: Pickering 
(Oolitic Limestone). ‘'Total’' potash. 

(a) Cobaltinitrite method, as above ... ... ... *052% 

{b) Same method but -0127 gm. KgO added to extract *048 % 

This deducted before calculating result. 

(c) Same method on actual perchlorate precipitate after 
evaporating to dryness and ignition with excess hydro- 
chloric acid ... ... ... ... ... ... *050% 

The values found by the perchlorate method are given in Table II. 
The above agreement is quite satisfactory. Soil: Bramham Park, 
Magnesian Limestone. "Total" potash. 

(a) Cobaltinitrite method, as above ... ... ... *096% 

(b) Same method on actual perchlorate precipitate ... *098 % 

A perchlorate estimation was carried out on the same extract sulphate 
being removed from the aqueous extract and excess of barium removed 
by two precipitations with ammonium carbonate. The value found by 
this process, which took about a hundred times the length of time needed 
for the cobaltinitrite method was *104 per cent. 

Consistent results were always obtained. 
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The disadvantages of the perchlorate method are 

(а) it is costly — costher than even the platinum method; 

(б) requires considerable knowledge of the difficulties and knowledge 
of the literature before consistent results can be obtained; 

(c) even in the hands of the expert errors can creep in owing to the 
impossibihty of knowing the composition of the soil extract. To escape 
these the process is extraordinarily long. 

The cobaltinitrite method has the advantages of being 

(а) cheap; 

(б) very simple to carry out, the process being volumetric; 

(c) unaffected by small quantities of other substances; the presence 
of sodium is no disadvantage. Apart from the evaporation the process 
is very quick. 

The cobaltinitrite method can no longer be considered in the experi- 
mental stages and it will be to the great advantage of soil chemists when 
it is regarded as “official.” 


{Received August 1923.) 
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Introduction. 

Much work has been done in the past on the chemical composition of 
South African soils. The study of the physical properties of soils has, 
however, been somewhat neglected. 

Transvaal soils differ from those of European countries in several 
important respects. In the first place, a large proportion of the soil is 
derived in sito from igneous rocks, and secondly, the country has never 
been glaciated in recent geological times. These two factors boar directly 
on the physical ])roperties of the soils. Soil formation takes place chiefly 
by the chemical decom[)Osition of rocks and only to a limited extent by 
mechanical disintegration. As a consequence we find in our soils very 
fine material, resulting from the chemical decomposition of easily 
weathered minerals, and rather coarse material which represents those 
rock constituents which are only subject in a limited degree to de- 
composition. In comparison with European soils particles of inter- 
mediate size do not play any dominant part in the mechanical make-up 
of Transvaal soils. Soils of alluvial origin are, of course, excepted. These 
latter occupy only a small area, but they are of considerable importance 
in the present stage of development of the country. Another factor 
which differentiates Transvaal soils from European ones is the presence 
in many of the former of finely divided hydrated ferric oxide. This 
feature will be discussed later. 

In this paper some data on the physical properties of Transvaal soils 
are presented and their relation to the mechanical composition, texture, 
and origin of the soils is discussed. 

Joum. of Agrio. Sci. xiv 
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I. The Relation between the Clay Content and Hygroscopic 
Water and Loss on Ignition. 

In Transvaal soils the percentage of organic matter is rather low 
as a rule and loss on ignition represents to a large extent water of hydration 
and other volatile matter. A study of the results of the analysis of 88 
samples, representing almost every soil type occurring in the Transvaal 
showed that there is a fairly steady relationship between the percentage 
of clay and the combined percentages of hygroscopic moisture and loss 
on ignition. This relationship is shown graphically in Fig. 1 . The points 



10 20 30 40 5( 


Clay per cent. 

X Moisture plus loss on ignition o - - - Loss on ignition + . - . . Moisture 

Fig. 1. 

plotted were obtained by averaging (a) the percentage of clay falling 
within the groups 0-5 per cent., 5-10 per cent, etc., and (6) hygroscopic 
water and loss on ignition for soils having more or less the same clay 
content, ft would seem that this variation of hygroscopic water plus 
loss on ignition with clay content is best represented by a straight line 
and that a factor can be derived by means of which the approximate 
percentage of clay can be calculated if the percentages of hygroscopic 
moisture and ignition loss are known. This factor is approximately 2*5. 
Thus a soil retaining, say, 4 per cent, of hygroscopic water and having 
an ignition loss of 6 per cent, may be assumed to contain about 25 per 
cent, of clay. 
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It is scarcely necessary to remark that there are exceptions to this 
generalisation. These exceptions fall into two classes. In the first we 
have soils rich in organic matter above the average, and in the second 
we have highly ferruginous soils which show on mechanical analysis 
much higher percentages of clay than one would suppose them to 
contain judging from their behaviour in the field. This peculiarity of 
ferruginous soils has been discussed on previous occasions (4, lO). We 
can, however, easily allow for these exceptions though not on a strictly 
quantitative basis. If we find by a preliminary hand and eye examination 
that the soil contains an amount of organic matter above the average, 
we may safely conclude that the clay content is less than 2*5 x hygro- 
scopic moisture -1- loss on ignition. If, on the other hand, we are dealing 
with a highly ferruginous soil we may assume that the content of clay as 
shown by mechanical analysis is greater than that calculated as above. It 
is quite evident that the finely divided hydrated ferric oxides which form 
such a considerable portion of the “clay’' fraction do not behave as clay. 

On plotting curves for hygroscopic water and loss on ignition 

separately it is found that there is decided increase in the ratio — 

clay 


loss 

and a decided decrease in the ratio, the bending of the latter curve 

towards being rather sharper than the bending of the former away from 
the clay ordinate. The proportionate decrease of loss on ignition with 
increase in clay content is probably due to the fact that the loss on 
ignition is made up of at least two factors, the organic matter and the 
water of hydration. If we assume that the latter increases directly 
with the clay we must conclude that the organic matter cannot increase 
with clay content beyond a certain limit. This conclusion is probably 
a correct one. The two curves are shown in Fig. 1 where the actual points 
plotted are given. In view of the variations in the actual figures, omitted 
here for reasons of space, the curves must be regarded as showing the 
general trend rather than representing any definite relationship. 


II. Experimental Method. 

The method adopted for the determination of water capacity and of 
pore space was that of Keen and Raczkowski(3) modified in certain 
details. The modified procedure was as follows. 

The apparatus consists of cylindrical brass' sieves, the capacity of 
which has been accurately determined by plugging the holes, filling with 
water, sliding a glass plate on top, taking care to exclude aU air bubbles, 

11—2 
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and weighing. The sieves, together with a disc of filter paper which covers 
the holes in the bottom, are weighed, filled with soil in as uniform a 
maimer as possible, and weighed again. They are then placed in water 
to a depth of about 20 mrn., the sieves being 37 mm. deep, and allowed 
to stand overnight. The sieves are then removed from the water, dried 
on the outside, and weighed. The excess of soil, i.e. that which has been 
expanded above the edge of the sieve, is removed by means of a sharp 
spatula, transferred to a weighed dish, and weighed. The sieve with the 
residual wet soil is also weighed. Both portions are then dried in the 
steam oven to constant weight. 

The chief modifications found necessary were the following. Tii 
certain soils the expansion is so great that dry soil is pushed half a 
centimetre or more above the edge of the sieve so that some of it falls 
over the edge and is lost. To prevent this loss a piece of thin copper foil 
is attached to the sieve in the form of a cylinder, held in place by a rubber 
band and projecting well above the edge of the sieve. The foil is weighed 
together with the excess soil scraped off and also dried therewith and 
weighed again. The weight of the foil is known. The drying of the 
residual soil in the sieve sometimes takes longer than the 24 hours 
prescribed by Keen: for this reason this drying is continued until weight 
is constant. 

A departure from the procedure of Keen and Raczkowski is made 
in the preparation of the sample. In the work cited soils were used of 
which the whole passed a 100-mesh sieve. Such a procedure is, of 
course, out of the question in the case of soils of coarse texture. The 
suggestion was made that such soils should be crushed with the wooden 
pestle and passed through the lOO-mesh sieve and that the portion 
failing to pass the sieve be then re-mixed with tliat passing through. 
This procedure was adopted but a millimetre sieve was substituted for 
the lOO-mesh, as the labour entailed in passing certain of our soils 
through the smaller sieve (without grinding coarser particles) is enormous 
and furthermore the finely pulverised soil would be less representative 
of the field soil than that crushed to pass a millimetre sieve. 

In the case of the coarse sandy soils the agreement between duplicates 
may be regarded as satisfactory except in the determination of ‘‘ex- 
pansion per unit volume/' in which the agreement is poor. The differences 
between duplicate determinations of water capacity and pore space 
were on the average 1*8 per cent, and l-l per cent, respectively of the 
determined quantities, the maximum differences being 4-7 per cent, and 
3*3 per cent, respectively. 
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Table I. 


Sample No. 

1901 

2211 

2729 

3985 

408() 

5203 

Water (capacity 

(22-7 

4(>-3 

29-7 

31-8 

28-4 

29-9 

j21-9 

44-8 

28-7 

30-7 

27-5 

31-3 

Difference 

0-8 

1-5 

10 

11 

0-9 

1-4 


V a-()% 

__ (>/ 

- 3-4% 

- 3-0% 

3*0% 

- 4-7 

Pore apace 

(34-4 
( 33-4 

48-9 

48*0 

41-3 

:i9-9 

41-3 

40*3 

39-3 

38-2 

39*8 

400 

Difference 

10 

0-9 

1*4 

10 

11 

0-8 


- 30% 

- J-8% 

- •> /(» 

‘7. 5 ()/ 

- o.n o 
— * /o 

- 2-0 


It must be clearly understood that the results above quoted are not 
representative and that they are deliberately selected as the worst six 
results obtained by us. In about a third of the determinations of water 
capacity and in about two-thirds of the determinations of pore space 
duplicates differed by 1 per cent, or less. 

III. The Relation between thk Clay Content and the Water 
Capacity and Fore Space. 

The results obtained for 48 soil samples, i‘(q)resenting most of the 
important soil types occurring in the Transvaal, are plotter! in Fig. 2. the 
results being averaged, as before, for soils containing less than 5 ])er cent, 
of clay, 5 per cent, to 10 per cent., and so on. The increase of pore space 
with increasing clay content would appear to b(^ best represented by a 
straight line, while the increase of water capacity with increasing c*lay 
content is })erhaps best represented by a curve. 

If y grams of soil absorb q grams of water 

Water capacity ^ x 100, 

and pore space = ^ x 100. 

(/ f ^ - 
8p. gr. 

Fore space is greater than, equal to, or less than water capacity 
according as jp is greater than, equal to, or less than q h - — — . 

If the relation between pore space and clay be represented by a 
straight line then that between water capacity and clay must be repre- 
sented by a curve, provided specific gravity is constant. In the figure 
water capacity is calculated on the basis of the soil originally taken 
while pore space is calculated on the soil left after the portion which 
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expands beyond the dimensions of the sieve has been removed. If both 
values are calculated on the latter basis the relation is not materially 
affected though somewhat lower values are usually obtained for water 
capacity, as has been noted by Keen and Raczkowski. 



o Pore space H Water capaoity 

Fig. 2. 


In most works on soil physics pore space is defined as the space 
between the soil particles which is occupied by air and by water. This 
in the dry soil is given by the expression 

true specific gravity — apparent specific gravity ^ 
true specific gravity 

The definition of pore spac^ must be modified according to the 
method adopted for its determination. In Keen and Raczkowski’s 
procedure pore space is the space between the soil particles which is 
occupied by water when the soil is saturated urith water. This qualification 
is important. 
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Pore space as determined by this method does not agree with that 
calculated from the above formula, being higher in all cases when the 
‘‘true specific gravity” determined by the sieve method is used in the 
calculation, but in some cases higher and in others lower when the true 
specific gravity as determined by the bottle method is used. The difierence 
between the determined pore space and that calculated from true and 
apparent specific gravities found by the sieve method is due to the 
method of calculation as the following considerations show. 

If we consider the vessel filled with saturated soil and take V as 
the volume of the vessel and v as the actual volume of the soil, we have 

V — V 

Pore space = ^ 

On the other hand if W is the weight of soil originally taken and w 
the weight left in the vessel after the excess soil has been removed, 
we have 

W 

Apparent sp. gr. = , 


and 


True sp. gr. = - ; 


so that using these values to calculate pore space we have 


w__ W 
V V 

Pore space x 100 = 

^ w 

V 


V-v 

T 


V {W — 

J 


X 100 ... ( 2 ). 


V ( W — w) 

Expressions (1) and (2) differ only by the quantity which 

can be evaluated on any particular case. W — tv is the weight of the 
excess soil scraped off plus that of the water originally contained in 
the soil taken; the other symbols have already been defined. A few 
examples are given in the last two columns of Table II. The agreement 
is not exact because the quantity W — determined by weighing the 
excess of soil and not merely subtracting w from W, 

The values for pore space calculated from the sp. gr. determined 
by the usual bottle method, are considerably higher than those calculated 
from the so-called “true specific gravity” determined according to 
the method of Keen and Raczkowski. Table II also shows that for soils 
which do not expand greatly on wetting the figures in column (a) are 
also greater than those in column (c), but in the case of soils which 
expand considerably the latter method gives much higher results than 
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the former. Thus in samples Nos. 5706, 2729, 3985, 5347, 2039, 4881 
and 5600 the determined pore space is less than that calculated from the 
true specific gravity by the bottle method, for samples Nos. 5531, 4948, 
3614 and 5344 the former is greater than the latter, while for one sample. 
No. 2211, these values are practically identical. The differences cannot, 
therefore, be completely accounted for by supposing that the air is not 
entirely displaced by water. In those soils in which the volume expansion 
is great it is obvious that the soil particles do not occupy the same actual 
volume when wet as they do when dry. Not only does the pore space 
become filled with water but some of the soil particles apparently absorb 
water and swell like gelatine when soaked in water. Probably there 
is an increase in the degree of dispersion of the soil colloids. 

Table II. 

Pore space 


f 

Calculated Calculated 
from true from ‘‘true” 





sp. gr. by 

sp. gr. by 


Difference 





bottle 

sieve 

Deter- 

between 




Volume 

method 

method 

mined 

(6) and 

V (W -w) 

Sample 

Clay 

0/ 

expansion 

o/ 

(a) 

o/ 

w 

o/ 

W 

0/ 

(c) 

0/ 

Vw 

0/ 

no. 

5700 

/o 

4-7 

/o 

0-4 

/o 

429 

/o 

36-3 

36- 1 

0-8 

/o 

0-5 

2729 

8-3 

* 0-9 

46-8 

39-6 

40-6 

10 

0-9 

3985 

11-6 

2-3 

481 

390 

40-8 

1-8 

1-8 

5347 

17*6 

6*2 

600 

39-9 

43-9 

40 

4-2 

2211 

23-2 

17-8 

48-8 

381 

48-5 

10-4 

10-2 

2039 

310 

6-3 

51-9 

41*3 

460 

47 

5-6 

3637 

34-3 

8-1 

54-0 

43'8 

48-7 

4-9 

6-8 

6631 

36-6 

300 

49-8 

401 

56-5 

16-4 

16-6 

4881 

38-3 

7-0 

621 

44-5 

48-3 

3-8 

4-9 

4948 

39-4 

43-7 

61-3 

383 

69-8 

21-5 

20*8 

3614 

41-7 

38-7 

498 

37-8 

66 8 

190 

190 

5344 

42-3 

45-3 

49-3 

39-2 

60*8 

21-6 

21-3 

5600 

44>8 

6-3 

66'8 

46-9 

62-4 

6-5 

61 


The values for pore space calculated from the apparent and true 
specific gravity bear no apparent relation to the texture; this is illus- 
trated graphically in Fig. 3, which is plotted in the same manner as Fig. 2. 

If we represent the relation between the clay content of a soil and 
its pore space^ by a straight line it must be possible to calculate either 
of these quantities if one is known. The line drawn in Fig. 2 to represent 
this relation is 


a;= l-9y — 


^ Here, and subsequently in this paper where not otherwise stated, the term poi'e 
space is used in the sense defined by the method of determination proposed by Keen and 
Raozkowski. 
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where K = 624. For the nine different groups of soils the value of K 
varies from 58*2 to 64-8 and for individual soils from 46-7 to 74-2, so 
that it would appear to be useless to attempt to calculate, say, clay from 
pore space. It was found, however, that the constant K did not vary 
so much for soils of similar character and origin as it did for the whole 
number of samples. The heavier soils comprised so-called “black turf,*’ 
red ferruginous soils, and grey soils. For the black turf the most suitable 
value for K was found to be 71 , for the red ferruginous soils, 58*1. Only 
two grey heavy soils were examined so that no general value for K could 
be taken. If we use the above values to calculate clay from pore space 
we get the results given in Table III. 



10 20 30 40 

Clay per cent. 

o — Calculated from true sp. gr. by bottle method. 

X — Calculated from “true sp. gr.” by Keen’s method. 

Fig. 3. 

The agreement between the calculated and the determined values is 
quite fair. It was not found possible to apply this method with success 
to any other groups of soils. Sandy soils derived from the Bush veld 
granite and Pretoria quartzite require a value lower than the mean, 
while for sandy loams and loams the mean value is perhaps the most 
suitable. As is the case with the relation of moisture plus loss on ignition 
to clay, soils containing much organic matter give considerably higher 
values for pore space than do soils of similar clay content having only 
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an average proportion of organic matter. Calculation of the pore space 
from the clay content gives much more satisfactory results than the 
converse operation but here, too, the nature of the soil affects the results. 

Table III. 


Red ferruginous soils 

Clay = 1*9; pore space - 58 

Clay: 

Black turf soils 
= 1*9; pore space 

-71 


Clay 



( 

Clay 


Mcfe ‘nn'F\lA 



Sample 

A _ 


OcillipiC 

r 


' f 

Calculated ] 


no. 

Calculated Found 

no. 

Found 

3684 

21-4 

20*9 

5287 

280 

26*5 

4878 

21*4 

21-7 

5531 

36*3 

36-6 

3477 

27-9 

25-3 

4948 

42*6 

39-4 

3658 

25-6 

290 

3614 

36*8 

41*7 

1830 

3M 

29- 1 

5344 

44-5 

42*3 

2039 

29-4 

310 

— 

— 

— 

5349 

36-3 

32-4 

— 

— 

— 

3670 

36-4 

341 

— 

— 

— 

3637 

34*6 

34-3 

— 

— 

— 

2034 

40*6 

36-0 

— 

— 

— 

3632 

35-3 

381 

— 

— 

— 

4881 

33-8 

38*3 

— 

— 

— 

6600 

41*6 

44-8 

— 

— 

— 


If we take the equation 

aj== l*9y ~ 62*4 

as the relation between clay and pore space it follows that the relation 
between water capacity and clay is given by the expression 

where S is the specific gravity of the soil. In Fig. 4 water capacity 
determined on the residual soil, and calculated as above, are plotted 
against clay. 

Pore space may be calculated from moisture and loss on ignition by 
combining the equations relating these two values to clay. The results 
for the groups averaged as before are given below : 


Table IV. 

Pore space 



Clay 

Determined 

Calculated 

Groups 

% 

% 

% 

I 

4-6 

330 

36*5 

n 

7*4 

37*6 

37*2 

III 

12-7 

39*6 

39*1 

IV 

17-3 

420 

42*1 

V 

21*7 

44*5 

43*6 

VI 

27*4 

47*0 

45*5 

VII 

32-9 

48*4 

60*6 

vm 

37*6 

52*8 

61*3 

IX 

42*9 

66*7 

55*5 
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These and similar calculations are interesting but are not of much 
practical value as they break down when applied to individual soils 
in at least 50 per cent, of cases. 

The percentage of clay in a soil has been taken as the measure of its 
structure but equally good relationship can be worked out for fine gravel 
and sand. This follows from what has been said above regarding the 
subordinate part played by the silt fractions, since the percentages of 
fine gravel and sand taken together vary inversely as the percentage of 
clay. 



Clay per cent. 

4- — Determined on residual soil. o Caloulated from clay content. 

Fig. 4. 

In the majority of Transvaal soils the percentage of silt fractions 
follows that of the clay fraction so closely that the use of, say, the total 
percentage of particles below 0-01 mm. in diameter, i.e. the silt fractions 
plus the clay, as a basis of comparison instead of the clay fraction only 
does not materially alter matters. 

It may be assumed, in the majority of cases where soils of similar 
clay content are compared, that that soil which contains the most silt 
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will have the higher pore space, water capacity, and volume expansion, 
but this is by no means general as may be seen in the following 
table in which the mechanical analyses of three pairs of soils are given 
together with their pore space, water capacity, and volume expansion. 
One of each pair contains much more silt than the other while the clay 
content is more or less the same. 

Table V. 


Sample no. 

1982 

0 / 

5287 

0 / 

5349 

2039 

0 / 

2211 

0 / 

3477 

0 / 

Moisture ... 


% 

5*56 

% 

4-45 

404 

/o 

318 

% 

2*67 

Loss on ignition . . . 

6-93 

5-68 

9*22 

9-33 

7*76 

4-93 

Pine gravel 

1-6 

2-5 

2-3 

10-8 

0-7 

6-6 

Sand 

17*3 

26-2 

9-1 

140 

20*6 

36*5 

Pine sand 

16*6 

21*8 

19-2 

15-9 

19-2 

12*8 

Silt 

10*7 

52 

8*3 

0-2 

11-5 

6-0 

Pine silt 

IM 

34 

10-8 

3-8 

5-4 

2-2 

Very fine silt 

5-5 

3-2 

5-7 

4-8 

5-6 

31 

Clay 

270 

26-5 

32*4 

310 

23-2 

25-3 

Pore space 

470 

52- 1 

49* 1 

400 

48-6 

45-2 

Water capacity . . . 

40- 1 

53*5 

42-7 

38*6 

45*6 

3M 

Volume expansion 

9*9 

26- 1 

3-5 

6*3 

17-8 

7-2 


In two cases out of three the soil with the higher silt content shows 
the higher pore space and water capacity, but in the third case the 
converse is found; consequently it would be impossible to introduce a 
factor dependent on silt content in calculating water capacity or pore 
space from the percentage of clay. 

IV. Comparison of the Properties of Heavy Red, Grey 
AND Black Soils. 

A relation between an important property such as pore space and 
mechanical composition would do much towards placing the interpreta- 
tion of mechanical analysis on a sound basis. The rough relationship 
discussed above only serves to emphasise the necessity for extreme 
caution in making deductions fiom the results of mechanical analysis. 

The heavy soils, that is, soils which contain much clay as found by 
mechanical analysis, occurring in the Transvaal may, as previously 
stated, be roughly divided into three groups according to colour, viz. 
red, grey and black. The grey and black soils swell up enormously when 
wetted, thus showing a high volume expansion, while the red soils do not 
expand to any great extent. The latter have a much lower water capacity 
and pore space than the former. The field behaviour is also quite different. 
The red soils assume under proper cultivation a granular structure and 
some of them have even been described by casual observers as sandy 
soils. 
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In Table VI the physical properties of some red, grey, and black 
soils of similar clay content are compared. Attention is drawn to the 
striking differences, particularly in water capacity and volume ex- 
pansion, between the red soils on the one hand and the grey and black 
soils on the other. Reference to the mechanical analyses of these soils, 
given in Table VTI, shows that these differences may, in the case of the 
grey soils, possibly be accounted for by the proportion of silt which they 
contain. 


Table VI. 




Moisture 


* 






and loss on 

Pore 

Water 

Volume 


Sample 

Clay 

ignition 

space 

capacity 

expansion 

Colour 

no. 

% 


o/ 

/o 


% 

o/ 

/o 

% 


4878 

21-7 


6*7 


41*8 

26*4 

4*1 

Red 

2211 

23*2 


10*9 


48*5 

45*6 

17-8 

Grey 

3658 

290 


6*7 


44*0 

32*7 

6*2 

Red 

1982 

270 


10*5 


47-0 

40*1 

9*9 

Grey 

5287 

26-5 


11*2 


52*1 

53*5 

26*1 

Black 

3632 

38- 1 


11*4 


49*1 

39*3 

8*6 

Red 

1865 

36-5 


11*7 


51*5 

49-4 

24-1 

Grey 

5531 

36-6 


14*9 


56*5 

60*6 

30-0 

Black 

4948 

394 


17*5 


59-8 

75*2 

43 7 

Black 

5600 

44-8 


151 


52*4 

48*3 

6*3 

Red 

5344 

42-3 


16*8 


60*8 

72*3 

45*3 

Black 



Table Vll. Meehan 

ical analyses. 


Sample no. 

4878 

2211 

3658 

1982 

5287 

3632 1865 

5531 4948 

5600 5344 


% 

/o 

o/ 

/o 

/o 

/o 

O/ o/ 

/o /o 

o/ o/ 

/o /o 

% % 

Moisture 

1-66 

318 

2*03 

3*53 

5-56 

2*31 4-69 

7*68 7*57 

432 7*91 

Loss on icnition 5- 15 

7-76 

4*70 

6*93 

5-68 

9*10 6*96 

7*26 9*93 

10*75 8*94 

Fine gravel 

61 

0-7 

4*0 

1*6 

25 

2*9 0*2 

1*2 0*3 

2*5 0*2 

Sand 

39*5 

20-6 

33-6 

17*3 

26*2 

17*0 15*2 

19*8 6*5 

5*1 7*7 

Fine sand 

160 

19-2 

15*9 

15*5 

21*8 

11*4 19*4 

15*0 15*1 

9*6 17*4 

Silt 

4-9 

11-5 

3*8 

10*7 

5-2 

5-9 8*7 

6*3 8-8 

8*6 8*8 

Fine tilt 

3-8 

5-4 

41 

11*1 

3*4 

9*4 4*7 

3*5 6*3 

7*7 4*5 

Very fine silt 

1-2 

5-6 

2*3 

5*5 

3*2 

6*3 3*9 

3*3 3*8 

6*4 2*0 

Clay 

21-7 

23 2 

290 

270 

26*5 

38*1 36*5 

.36*6 39*4 

44*8 42*3 


In the case of black soils this factor cannot be made to account for 
the difference. The black soils, though commonly called “turf,” are not 
appreciably richer, if at all, in organic matter or in silt fractions, than red 
soils of similar clay content. They usually contain appreciable amounts 
of carbonates whereas the red soils are usually slightly acid or neutral 
and, though they can be made to assume a good tilth, they are much more 
readily puddled, and furthermore in the process of mechanical analysis 
the removal of the clay fraction is more readily accomplished in the case 
of the black soils than in the case of red of similar or even lower clay 
content. 
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A comparison of the mechanical analyses of samples 3632 and 5531, 
and 5600 and 5344, would seem to show that these pairs of soils are 
similar in mechanical make-up. As will be seen in Table VI the physical 
properties are, however, widely different. 

The fundamental difference between the grey and the black soils on 
the one hand and the red on the other has been noted by Vipond(iO). 

'‘The real difference between Groups 2 and 3 (i.e. between the grey 
and the red soils) is not a matter of colour, this being only an accompani- 
ment of a certain condition. Whereas the typical grey soils break down 
to a thin mud on standing in water^ and on being handled in water are 
readily reduced to a condition of partial deflocculation, the typical red 
soil breaks down slowly and reluctantly when worked in water, and does 
not at any time form a thin mud.” 

Vipond considered that the iron oxide (hydroxides) in the soil was 
responsible for this difference in the behaviour of the soils and took as 
a compensating standard the iron oxide, soluble in hydrochloric acid, 
contained in the clay fraction. The writer and Smit have discussed this 
question elsewhere (5). Not only do the ferric hydroxides have a floccu- 
lating effect on the clay, but a considerable portion of the so-called clay 
consists of ferric hydroxides or oxide which has not the properties of 
true clay. 

It must be remembered that the data here presented are the results 
of laboratory experiments on laboratory prepared soil samples and that 
they cannot be regarded as reflecting absolutely the properties of the 
soils in the field. We believe, however, that they are comparable with one 
another and that similar data for the field soils will show similar relations 
and anomalies. 

We believe that any difference there may be in the structure of red 
and of black soils of similar texture^ does not satisfactorily account for 
the difference in physical properties, but at present hold the view that 
the portions of the soils classed by mechanical analysis as “clay” are 
fundamentally different in properties. Comber (i) has suggested that the 
fundamental difference between “fat” and “lean” clays is due to the 
higher proportion in the former of emulsoid surface to suspensoid core. 
It is possible that in the case of the black soils we have to deal chiefly 

^ Most American writers term the field condition of a soil its “structure” and call the 
ulrimate mechanical composition “texture.” Hall uses these terms in exactly the opposite 
sense (2) and, judging from the context, Russell (9) does so also. We propose to follow the 
latter authorities as we consider that their use of the terms is more in keeping with the 
plain meaning of the words. 
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with kaolin and similar bodies which exhibit this emulsoid surface to a 
high degree while in the case of the red soils we have a large proportion 
of iron hydroxides which exhibit suspensoid properties only. 

Kobin8on(8) holds the view that the soil colloids, the so-called ultra 
clay, exhibit practically the same specific water absorption no matter 
the class of soil from which they are obtained, but cites some exceptions 
including two which are stated to be rather unusual soils noted for their 
colloidal properties when wet. Now our Transvaal “black turf” soils 
are very unusual and exhibit colloidal properties to a marked degree. 

It is possible, of course, that the difiercnce between the red and the 
black soils discussed in this paper may be due to the presence in the latter 
of a larger proportion of colloids rather than to a fundamental difiercnce 
in the nature of the colloids. It would seem, however, that the peculiar 
properties of the red soils are best explained by the view that the colloidal 
iron hydroxides have a strong coagulating effect on the colloidal clay. 
Further work on this subject is contemplated. 

V. The Relation Between the Clay Content 
AND THE Specific Gravity. 

According to Keen and Raczkowski both the apparent and the true 
specific gravity decrease with increasing clay. Our work demonstrated 
that this is only true for soils of the same or similar type and that specific 
gravity whether true or apparent is dependent to a large extent on the 
origin of the soil. We have determined true specific gravity both by 
the method of Keen and Raczkowski and by the bottle method: these 
two series differ considerably and there is no doubt that the former 
method gives low results, as has been pointed out by the originators. 
Our determinations show that apparent specific gravity and true specific 
gravity, whether determined by the bottle method or by the method of 
Keen and Raczkowski, does decrease with increasing clay content in 
a very general way provided only soils of similar origin are compared. 
As soils of similar origin have, in the Transvaal at least, similar texture 
it is not easy to correlate specific gravity with clay content. 

In the following table the results are averaged and arranged as before. 

Starting with the soils containing least clay the apparent specific 
gravity decreases with increasing clay content until the group averaging 
17‘3 per cent, of clay is reached, then there is a sudden rise followed by 
a steady decrease to the group containing most clay. This rise is co- 
incident with the inclusion of red soils derived in part from magnetite. 
The variations in true specific gravity follow somewhat similar lines but 
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are not as regular. If the results for heavy red, grey, and black soils 
be compared the fundamental difference between these classes is again 
apparent, as reference to Table IX will show. In this table the results for 
sandy soils grouped in two classes are also given. Those derived from 
granite have a higher apparent specific gravity than those derived from 
sandstones though the true specific gravity is the same for each group. 
It is evident that the granite soils can be more closely packed than the 
sandstone soils. 

Table VIII. 


Clay 

Apparent 

% 

speoinc gravity 

4*6 

1-62 

7*4 

1-48 

12-7 

1-43 

17-3 

1-40 

21*7 

1-47 

27-4 

1-44 

32-9 

1-38 

37-6 

1-33 

42-9 

1*30 


Table 


Soil group 

Clay 

Sandy soils from granite 

6-8 

Sandy soils from sandstone ... 

6-8 

Red soils containing magnetite 

30-2 

Grey soils 

Red soils derived from diabase 

28-9 

361 

Black turf soils 

37-3 


True specific gravity 

A 



(6) Keen and 

(a) By bottle 

Raczkowski 

2‘65 

2-36 

2-65 

2-30 

2-64 

2-27 

2-71 

2-27 

2*82 

2-38 

2-87 

2-41 

2-95 

2-41 

2-74 

2-30 

2-72 

2-23 

IX. 

True specific gravity 

Apparent 



specific 

(h) Keen and 

gravity 

(a) Bottle Raczkowski 

1*61 

2-65 2-31 

1-46 

2*65 2*32 

1-48 

302 2*51 

1-37 

2*63 2*24 

1-27 

2*79 2*33 

1-33 

2*65 2*18 


Nolte(6) has published some determinations of the specific gravity 
of various mechanical soil fractions and draws attention to the marked 
difference between that of the clay fraction and that of the other fractions, 
which latter were found to be fairly constant. 

One would conclude, therefore, that the higher the percentage of clay 
the lower would be the specific gravity. 

Judging from the samples examined we might say that true specific 
gravity is fairly constant for all types of soil with the exception of the 
heavier red ones. 

The results are summarised below (Table X). 

The specific gravity of about 71 per cent, of the soils lay between 
2*60 and 2*70 and the average for these was 2*65; 12 of the remaining 14 
are heavy red soils. 
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We consider that on the evidence at present at our disposal we are 
justified in drawing the conclusion that no relationship exists between 
the clay content of a soil and its true specific gravity, but that in a general 
way apparent specific gravity decreases with increasing clay content. 
In this connection, however, the relatively high apparent specific gravity 
of black turf soils is noteworthy. 



Table X. 

I*oreoiitage of 

Specific gravity 

No. of soils 

.soils examined 

2-60-2Gr> 

17 

35-4 

205-2-70 

17 

35-4 

2-70-2-7.5 

2 

4-2 

2-75-2-80 

2 

4-2 

2-80-2-85 

4 

8-3 

2-8.5-2-90 

•■> 

4 2 

2-90-2-95 

0 

0 

2-9.5~.3-00 

1 

2-1 

Over 3-00 

.3 

0-2 


VJ. Relation between Volume Expansion and Clay Content. 

In a general way the expansion per unit volume of the soil increases 
with increasing clay content but here again we are confronted with the 
strong difference in behaviour between red soils on the one hand and black 
and grey soils on the other. The expansion of the red soils was from 4 per 
cent, to 1 4 per cent, while black and grey soils containing the same range 
of clay expanded from just under 10 per cent, to over 45 per cent, of their 
original volume. All the results obtained are summarised and plotted 
as before (Fig. 5) but in this case it must be noted that in some of tin*, 
groups extremely divergent values, such as (>*6 per cent, and 43*7 per 
cent, in the group averaging 37*5 per cent, of clay, are included in the 
average. This is due to black soils having a high expansion and red soils 
having a low expansion falling in the same group. Averages obtained in 
this way have not the value that a mean of quantities of more or less 
the same order of magnitude would have. 

The relation of volume expansion to soil type is noteworthy. Of the 
sandy soils, four derived from granite showed an average volume ex- 
pansion of 3-7 per cent, between the limits 3*5 per cent, and 4*1 per cent., 
while seven derived from sandstone had an average expansion of 1-7 per 
cent, between the limits 0*4 per cent, and 3*5 per cent. The difference 
between the expansion of heavy red and heavy black and grey soils has 
already been noted. Red soils derived from diabase showed on the average 
a lower expansion than similar soils which owe their origin in pare to 
magnetite, the range for the former being 3-5 per cent, to 6*7 per cent., 

Joum. of Agrio. Soi. xiv 1 - 
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clay ranging from 31 per cent, to 45 per cent., while for the latter ex- 
pansion ranged from 4*1 per cent, to 13*9 per cent., for clay from 21 per 
cent, to 38 per cent. 



Clay per cent. 

Fig. 6. 


Conclusion. 

In this paper an endeavour has been made to correlate certain 
physical properties of soils with their texture with a view to the in- 
terpretation of mechanical analysis. The method proposed by Keen and 
Raczkowski for the determination of the pore space, water capacity, 
apparent and true specific gravities, and volume expansion of soils has 
been followed. 

It is shown that certain of these properties can be roughly correlated 
with the clay content of the soil but that the relationship is not suffi- 
ciently exact to be of much practical value. 

Marked differences were found in the properties of certain soils of 
similar clay content but of different origin and appearance. It would 
appear that comparison of all soils, without discrimination, on the basis 
of mechanical make-up, would lead to utterly erroneous conclusions. 
The value of mechanical analysis lies chiefly, as has been pointed out 
by Robinson ( 7 ), in its relation to genetic classification. This is par- 
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fcicularly true in a country like the Transvaal where the bulk of the soil 
is sedentary and large expanses of alluvial soil are unknown. 
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ON THE MOISTURE RELATIONSHIPS 
IN AN IDEAL SOIL. 

By BERNARD A. KEEN. 

{Rothamsted Experimental Station, Harpenden,) 

(With Four Text-figures.) 

The movement of water in soil, and the manner in which water is 
distributed over the particles and within the interstices, i.e. the dynamical 
and statical aspects respectively of moisture distribution, are of funda- 
mental importance in soil science. The literature of the subject abounds 
with experimental determinations, but the difficulties of theoretical 
treatment are great, and it is only within recent years that any serious 
attempts have been made in this direction. 

A mathematical study of the laws of water distribution in a natural 
soil, containing particles of all shapes and sizes, and colloidal material, 
is almost impossible; it is necessary to employ in such investigations a 
simplified conception, and to consider an “ideal soil,” which is defined 
as a collection of spheres all having the same radius, packed together in 
a systematic way, and free from any colloidal material. When the 
spheres are packed as closely as possible, each one is surrounded by, and 
touches twelve others, and the pore space is very approximately 26 per 
cent, of the total volume; in the most open system of packing each 
sphere touches six others, and the pore space is approximately 47*5 per 
cent. Further, the percentage of pore space does not depend in any 
way on the radius chosen for the spheres. 

A very complete study of the geometrical properties of the ideal soil 
was made by Slichter^ in the elaborate joint work conducted with King 
on the movements of ground water. 

In the ideal soil the water will be mainly present as annuli of wedge- 
shaped cross-section around the points of contact of the spheres. This 
conception of moisture distribution was introduced by Briggs ^ and has 
been deyeloped by Buckingham®, Gardner^ and Wilsdon®. 

The purpose of the present paper is to draw attention to a necessary 
and simple consequence of the above hypothesis, which was not taken 

^ 19th Annual Report, U.S. Oeol. Survey , 1899, pt. 2. 

* U.S. Bureau of SoiUy Bull. 10, 1897. ® Und. Bull. 38, 1907. 

4 Soil Sci. 1920, 9 , 191; 1920, 10 , 357; 103. 

® Mem. Dept. Agric. India (Chem. Series), 1921, 6 , No. 3; Proc. Punjab Engirveering 
Congress, 1923. 
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into account by Wilsdon, and which unfortunately invalidates a very 
attractive deduction that he arrived at from his analysis. It will be 
necessary in the first instance to summarise briefly the portion of his 
analysis that concerns us here. 

The volume of water held around the point of contact of two equal 
spheres is that generated by the revolution of the meniscus about the 
point of contact. To a first approximation the meniscus is taken as the 
arc of a circle touching the two spheres. The volume (F) may then be 
expressed in terms of the radius (a) of the spheres and the angle (26) 
subtended at the centre of the soil particle by the radii from the point 
of contact of the spheres and the edge of the meniscus (Fig. 1) ’• 


STra^sin^fl 
cos^ 26 


1 ~ tan 26 


f IT 


26] 


.( 1 ). 


Note. (^-2^) is in circular measure. 

This value of V is then utilised in obtaining an expression for the 
moisture content (ilf) as a percentage on the weight of the soil as follows: 

The number of particles per 100 grams of soil (p) is h -- ^ - 

taking p, the specific gravity of the soil, as 2-4, 


or 


:*77a‘p 


31*25 


.( 2 ). 


Each of these spheres touches a number of adjacent spheres, and the 
number of such contacts (C) depends on the degree of j)acking. For 

C 

100 grams of soil the number of such contacts is obviously n since 

each contact comes in twice. Thus the actual volume of liquid in 100 
, , C 

grams of soil is F// ^ . For water the moisture content (M ) per 100 grams 


C 

M 125C 


(j 

of soil is M = Vn , which from equations (1) and (2) becomes 

sin^ 6 


co^26 


I — tan 20 — '-^0 




Turning now to the curved meniscus we have the familiar relation con- 
necting pressure (P) and surface tension (T): 

■-Hhi) 

where and are the radii of curvature in the two principal direction.s 
and are given hy AG and GD respectively in Fig. 1. When Ti -- r.^ the 
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pressure vanishes, and, neglecting the influence of gravity, this point 
should obviously represent the moisture-holding capacity of the soil for 
free water, i,e. the ideal soil should be incapable of holding water in 
excess of this amount. 

Expressing and in terms of 6 we have from the geometry of 
Fig, 1: 


- cos 26) 
cos 26 ' 


U == — (sin 26 + cos 26 — 1), 
^ cos 26 ^ 


Equating these values and solving we have 6 = 26° 33' nearly, i,e, when 
the angle 26 in Fig. 1 is equal to 53° 6' the meniscus of the water wedge 
is a surface of no pressure, and the volume of water in the wedge has 
reached its maximum possible value. 



Hence, substituting this value of 6 in equation (3) and assuming 
closest packing of the spheres (C = 12) we obtain the value M = 23-46 
as the maximum water-holding capacity (on a dry weight basis) of the 
ideal soil built up as above, and free from colloidal matter. 

Having arrived at this value, Wilsdon points out that it is remarkably 
close to the value 21 occurring in the well-known empirical relationship 
of Briggs and Shantz^: 

Moisture-holding capacity = 4-3 x (Hygroscopic Coefficient) + 21. 

In the same paper Wilsdon gives both theoretical reasons and experi- 
mental data which lead to the view that the total amount of water held 
by the soil colloids, as distinct from the “free’’ or interstitial water, is 
represented by 4-7 x (Hygroscopic Coefficient). 

The very considerable advance in our kliowledge of water relation- 
ships which would be represented by the close agreement between the 
values 4-7 and 4-3, 23-46 and 21, is discounted by the fact that the 
derivation of the value M == 23*46 cannot be substantiated. This value 


^ U.S^ Bureau of Plant Industry, Bull. 230, 1912. 
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was calculated for spheres in closest packing, in which case the pore 
space is 26 per cent, of the total volume. Now the maximum amount of 
water, calculated on the dry weight of the soil, that this soil could hold, 
if the pore space were completely full of water, would be only 



a value much less than 23*46 per cent. The discrepancy is larger even 
than the figures indicate, as the former is the maximum value for com- 
plete saturation, while the latter is developed on the explicit assumption 
that the individual water wedges remain distinct from one another, 
i.e. the pore space is not completely occupied by water. 

The error has arisen because the single water wedge of Fig. 1 (for 
which Wilsdon’s analysis still stands) has not been considered in its 
spacial relations to adjacent wedges. A consideration of one face of the 
regular tetrahedron (Fig. 2) obtained by joining the centres of the four 
spheres in closest packing (Fig. 3) will make this clear. In the plane of 
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this face the cross-section of the spheres and water wedges shows that 
the menisci of the latter will come into contact when the angle 20 
(cf. Fig. 1) is equal to 30°, at which point the moisture content, as cal- 
culated from equation (3), is only 3*55 per cent. Wilsdon’s analysis 
cannot hold beyond this point, for if 26 exceeds 30° the wedges would 
interpenetrate and a certain portion of the water would be included 
several times over. 



Fig. 3. 


As Slichter^ has shown, the section chosen in Fig. 2 is in the plane 
where the pore, regarded as approximately triangular in section, has its 
minimum cross-sectional area. Hence, at other points in the mass, the 
menisci will not yet be in contact when the value of M has reached 
3*55 per cent. The analysis therefore breaks down slowly at first, but the 
discrepancy becomes rapidly more serious, because, as the following 
table from Wilsdon’s data shows, M increases very rapidly as 6 approaches 
its maximum value, and the error due to the separate inclusion of water 
held, as it were, in common by the wedges, also increases rapidly. 


e 

M 

e 

M 

50 

007 

200 

9-37 

7-0 

0-24 

210 

10-67 

8*0 

0-38 

22-0 

12-83 

100 

0-87 

230 

14-84 

120 

1-64 

240 

17-05 

160 

3-66 

250 

19-41 

17-5 

407 

26-3 

23-47 


hoc. cit. 
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A further complication arises in the necessary adjustment in the curvature 
of the meniscus when adjacent water wedges meet, especially in the 
region where the pore has its maximum cross-sectional area, as and 
are no longer expressed by the simple relations given above. 

For these reasons it is apparent that a system of spheres in closest 
packing is not suitable as a basis for the development of the calculations 
given above. If we consider, as an alternative, spheres in the most open 
or ''cubical” packing, Fig. 4 shows that the menisci would not touch 
until 26 “ 45°, so that the above analysis would hold over a wider 



range. In calculating M for various values of 6 from equation (3), 
however, it must be remembered that for cubical packing each sphere 
touches six others, so that in a given volume there are only half as many 
water wedges for cubical packing as for closest packing, and the values 
of M given in the above table must therefore be halved. When 26 = 45°, 
M is approximately 7 per cent, for cubical packing. Beyond this value 
the analysis again breaks down. Quite apart from this error, due to 
interpenetration of the wedges, the value of M when 6 equals its maximum 
value 26° 33', is no longer 23-46 per cent., but half this value; but it 
should be noted that as the pore space for cubical packing is 47-5 per 
cent, approximately, the value of M for complete saturation is 36-2 per 
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cent., so that if the theory can be modified to take account of the factors 
mentioned above, it may still be possible to obtain a theoretical signi- 
ficance for a value of M round about 21 per cent., for this system of 
packing. 

Although the value 21 in the Briggs-Shantz equation may, and quite 
possibly does, represent the moisture-holding capacity of the soil for 
“free” water as distinct from that associated with the colloidal material, 
the value as yet rests only on an empirical basis. In this connection it 
should be pointed out that the interpretation of the constant 4-3 in the 
Briggs-Shantz equation as applicable to all soils, involves the assumption 
that the specific character of all soil colloids is the same. Wilsdon 
pointed out that this would be unlikely, and Hardy’s^ experimental 
study of this point has shown that the value of this “constant” does 
vary. While in all probability the variations in the specific nature of 
colloidal material from soil to soil are largely responsible for this, the 
conclusion is rendered less certain by our present inability to attach a 
theoretical significance to the remaining term, 21, in the Briggs-Shantz 
equation. 

There is finally one other aspect of the problem that needs consider- 
ation — the distribution of water in an unbroken column of soil, saturated 
at the base. The simple theory of capillary rise involves the conclusion 
that, between the level of maximum rise and the ground water table, the 
soil will be completely saturated, whereas in actual practice the moisture 
content decreases with height. 

Wilsdon’s treatment of this problem appeared to give a very satis- 
factory solution, which agreed reasonably well with Buckingham’s*^ 
experimental determinations, but the error discussed above was again 
involved. An attempt has therefore been made in the discussion below 
to give in a revised form the broad outlines of the probable mechanism 
of the rise of water in soil, it being understood that the influence of 
soil colloids in modifying these conclusions is not taken into account. 
We have already seen that for spheres in closest packing the menisci 
commence to come into contact when B = 15° (or M = 3-55 per cent.), and 
that the pressure in any isolated water wedge would not become zero 
until 6 = 26° 33'. This surface pressure, when the water wedges reach 
the position shown in Fig. 2, will tend to draw the free water surfaces 
in this section of the triangular pore closer together, i,e, to increase the 
water content in, and eventually to fill the pore in this region. The net 
result of this process, which would take place at numerous points of 
’ Joum. Agrk. Sei, IS, 243, 340. * Loc. dt. 
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contact throughout the mass of the soil, would be to draw water from 
adjacent regions, and by successive displacement eventually from the 
ground water itself. We thus arrive at a picture of the mechanism of 
water ascent in the ideal soil, which is a combination of the simple 
capillary tube hypothesis and the one originated by Briggs. In the first 
instance, water wedges are formed at the points of contact of the spheres; 
the peripheries of the wedges come into contact at the point where the 
triangular cross-section of the pore has its minimum area, and the pore 
in this region becomes full of water; this saturation will extend to the 
adjacent and wider parts of the pore, which will become completely 
filled, provided its dimensions are not too great. The whole process, in 
fact, is an illustration of the principle that the liquid tends to reduce its 
free surface, and hence its surface energy, to a minimum. 

Equilibrium will be established, as in a capillary tube, when the 
weight of the liquid columns is sufficient to balance the surface tension. 

In the case of a soil containing particles of diverse diameters there 
will be corresponding variations in the effective dimensions of the pore 
spaces. From our present point of view the soil column would be re- 
garded as a collection of capillary tubes distributed over a certain range 
of effective diameters. Both the diameter range, and the number of 
tubes of any given diameter, would depend on the size-distribution 
curve ^ of the given soil. Thus for a soil of not too coarse a texture we 
should expect to find in successive planes above the ground- water level, 
(a) complete saturation, (h) complete saturation of smaller pores and 
incomplete saturation of the larger ones, and finally, (c) a region of 
incomplete and decreasing saturation ; the moisture content would there- 
fore diminish with height above the water level, as is known to be the 
case. By making some simple assumption for the relationship between 
the mechanical analysis of the soil and the dimensions and number of 
the pore spaces, it should be possible to test the above suggestion to a 
first approximation. 

^ As developed by Oden, Int. Mitt. Bodenk. 1916, 5, 257; Proc. Faraday Soc. 1922, 17, 
327. 
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COLLOIDAL PROPERTIES OF WINTER WHEAT 
PLANTS IN RELATION TO FROST RESISTANCE. 


By ROBERT NEWTON, Ph.D., 

University of Alberta, Edmonton, Canada, 

(With Plate I and Two Text-figures.) 

Introduction. 

In an earlier paper in this Journal {lO) the author reported that wheat 
plants, in the winter-hardened condition, retained their water content 
with great force. For example, it was found impossible to express more 
than 2 to 3 c.c. of juice from 100 gm. of leaves, collected December 9th, 
1920, under a pressure of 400 atmospheres. The significance of the pro- 
perty thus discovered lies in the fact that the first effect of freezing plant 
tissues is the withdrawal of water from the cells to form ice in the inter- 
cellular spaces. Fropa the standpoint of frost resistance, forces opposing 
this desiccation must therefore be of great importance. 

The osmotic pressure of the vacuolar sap no doubt contributes to 
the water-retaining powers of the cells, but as a complete explanation 
it is quite inadequate. In hardy varieties of winter wheat, the osmotic 
pressure of the sap has not been found to exceed 32-2 atmospheres, 
corresponding to a freezing-point depression of 2*68° C., whereas these 
varieties will resist temperatures of -- 40° C. 

The existence of much greater forces in wheat leaf tissues was shown 
by the difficulty of expressing their sap, and it was suggested, in the 
above-mentioned paper, that the principal force concerned was that 
of imbibition. The well-known hydrophilic properties of the colloidal 
pentosans and their rple in the economy of certain drought-hardy plants, 
led to the conjecture that these substances probably accumulated in the 
cells during the hardening process induced by falling temperatures in 
late fall, and contributed largely to the formation of a protoplasmic gel 
of high imbibitional powers. 

Since the preparation of the above paper, important pubhcations by 
Rosa ( 13 , 14 ) and Hooker ( 7 ) have appeared. These authors found that 
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Winter survival of wheat varieties used, 1921-22. Photo, May 15th, 1922. 
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pentosans accumulate in the cabbage and other vegetables during the 
“hardening off’' process, and that this accumulation may be brought 
about either by exposure to cold or by deprivation of moisture to the 
roots. Rosa also used the dilatometer freezing method of Foote and 
Saxton (4) to determine the quantity of “free” and “unfree” water in 
the tissue. This is probably more accurate than the earlier method used 
by Miiller-Thurgau(9) for the same purpose. At anv given temperature 
below freezing-point, Rosa found that the quantity of water separating 
in the form of ice was greater in the case of unhardened tissue. This 
amounts to an indirect measurement of the sum of the osmotic and 
imbibition pressures of the plant cells. 

Further investigations on the nature of frost resistance in winter 
wheat have been carried on by the author during the seasons of 1921-22 
and 1922-23, at St Paul, Minnesota, and Edmonton, Alberta. These are 
reported in part in the following pages^ the data presented at this time 
having special reference to the colloidal properties of the tissues. The 
author has kept in view the possibility of developing a reliable “ measuring 
stick” by which the plant breeder may estimate accurately the hardiness 
of a new strain the first season, rather than be forced to wait upon the 
results of field experiments extending over a period of years. 

Materials Investigated. 

The following six varieties of winter wheat were used, and are named 
here in the order of their winter hardiness: Minhardi, Buffum, Turkey 
(Minn. no. 1487), Kanred, Super, Fulcaster. From the standpoint of 
their behaviour at St Paul, Minnesota, the first two may be classed as 
hardy, the next two as semi-hardy, and the last two as non-hardy. A 
photo taken May 15th, 1922, showing their winter survival at St Paul 
that season, is reproduced in Plate I. 

Most of the material used was grown in field plots under normal 
conditions, but some material was grown in the greenhouse for com- 
parison. From the standpoint of frost resistance the greenhouse material 
is probably somewhat comparable to summer vegetative tissues. All 
plants collected were cut off level with the ground, but since they had 
in no case reached the jointing stage, the material consisted of leaf blades 
and sheaths. The field material was in most cases frozen when collected, 
and was carefully sorted over, either in the field or in a cold room, for 
removal of dead tissue. 

The fluid expressed from the tissues, with or without previous 
grinding, has been used a great deal in this study. For this the term 
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'^press-juice” has been adopted, as being convenient and brief. This 
fluid, especially after grinding the tissues, cannot be regarded as merely 
vacuolar sap, so that the latter term appears unsuitable. 

The Measurement of Imbibition Pressure. 

The circumstances which first led to the observation of the high 
imbibition pressures of hardened wheat leaf tissues, namely, the difl&culty 
of expressing the sap therefrom, suggested a method for its quantitative 
measurement. Reinke(i2) used such a method in determining the im- 
bibition pressure of Laminaria, He placed discs of this plant in a metal 
cylinder, and subjected them to heavy pressure from a piston perforated 
with many small holes, through which the expressed fluid passed. The 
imbibition pressure of the tissue, at any given moisture content, would 
then be equal to that pressure which just failed to express any further 
fluid. This method was modified in the present investigation to the extent 
that the piston was not perforated, but fitted loosely enough to allow 
the press- juice to pass around it. Fifty gram samples of fresh leaves were 
placed in a steel press-bowl about 3 inches in diameter, and pressure 
applied in progressive steps, the fluid expressed being allowed to drain 
into a graduated cylinder. This was facilitated by arranging the hydraulic 
press used in such a way that the press-bowl drained at an angle of 
depression of about 10°. A uniform practice was adopted in letting the 
press-bowl drain for two and a half minutes each time the pressure 
was increased, before reading the quantity of press-juice in the graduate. 

Imbibition Pressure and Relative Hardiness. 

The quantities of juice obtained by the method outlined, from 
hardened leaves collected January 21st, 1922, and unhardened leaves 
collected May 17th, 1922, are shown graphically in the upper parts of 
Figs. 1 and 2. Since the imbibition pressure of a gel is not measured by 
the quantity of fluid expressed from it, but by the final concentration 
of the disperse phase at any given pressure, or in other words by the 
percentage hydration of its dry substance, this value has been calculated 
and plotted in the lower parts of the same figures. The value shown for 
hydration at any pressure is simply the residual water content at that 
pressure, expressed as a percentage of the dry matter. 

The resistance to this pressure method of desiccation, of plants 
collected in the winter-hardened condition, is greatest in the hardy 
varieties, least in those which are non-hardy, and intermediate in those 
which are semi-hardy. A perfectly regular relation between hardiness 
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and the volume of press- juice obtained at various pressures is shown in 
the upper part of Fig. 1, thus constituting at once a simple and direct 
measurement of this quality. The quantity of press-juice is influenced, 
of course, by the initial moisture content of the tissues. Now, it has been 
found by several workers that there is a correlation between dry matter 
content and hardiness, a conclusion which is upheld by our own 
investigations. Since, therefore, the volume of press-juice is inversely 
proportional both to the hydrophilic colloid content of the cells and 
to the dry matter content, the pressure method used becomes a direct 
measure of the combined effect of these two factors, both of which 
appear to be related to winter hardiness. 

In the lower part of Fig. 1 it will be observed that whereas relatively 
low values for initial hydration are associated with hardiness, and high 
values with a lack of hardiness, the order of magnitude is quickly 
reversed when pressure is applied, most of the curves intersecting at less 
than 25 atmospheres. As the pressure is increased, the hydration curves 
diverge again, with the higher values now characterising the hardy 
varieties. The irregular position of the hydration curve for Turkey is 
due to its unexpectedly low content of dry matter, for which no explana- 
tion can be suggested at present. The conclusion to be drawn from a study 
of Fig. 1 may be simply stated thus: the hardier the variety, the lower 
its moisture content, and the greater the force with which this is 
retained. • 

The foregoing conclusion is, however, valid only for leaf tissues which 
have been through the hardening process brought about by low tempera- 
tures or drpng conditions such as obtain in late fall. This is proved by 
the results with summer tissues shown in Fig. 2. Here no relation can 
be detected between hardiness and volume of press-juice or imbibition 
pressure. There is, nevertheless, a surprising resistance to the pressing 
out of the tissue fluids from summer tissues. Part of this is merely a 
mechanical effect resulting from their coarser structure. No doubt the 
swelling pressure of the cell walls themselves enters in as a factor, in 
both summer and winter. 

The specific relationships found in hardened tissues appear, however, 
to depend upon differences in the colloids within the cells. This is in- 
dicated by the almost complete loss of imbibitional properties when 
fresh tissue is killed by any agency, such as treatment with toluene, ether, 
or chloroform. An attempt was made by careful drying at low temperature 
to secure, if possible, air-dry tissue in which the colloidal properties were 
unimpaired, or at least not destroyed, but the effort proved fruitless. 
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Once the colloidal organisation of the cells is broken down, the charac- 
teristic differences in the water-retaining powers of hardy and non-hardy 
varieties is permanently lost. 

A further comparison of Figs. 1 and 2 will reveal a fundamental 
difference between the types of the curves derived for hardened and 
Unhardened tissues. The former partake of the nature of imbibition or 
adsorption curves, whereas the latter do not. The imbibition pressure 
of a gel increases very rapidly with dehydration, thus accounting for 
the characteristic logarithmic shape of an imbibition curve. The re- 
semblance of the dehydration curve of hardened wheat leaves to an 
imbibition curve lends support to the view that the colloids which 
accumulate during the hardening process are largely concerned in the 
water relations of the cells. 

It will be noted that quite appreciable volumes of press- juice were 
obtained from hardened wheat leaves in the winter of 1921-22, in 
contrast to the almost negligible volumes obtained the previous year, 
to which reference was made in the Introduction to this paper. This is, 
no doubt, explained by the difference in the two seasons. During the 
fall of 1920 the plots were entirely without snow protection, and the 
surface soil was frozen solid, a condition corresponding presumably with 
an extreme degree of hardening of the tissues, perhaps the complete 
gelation of the cell contents. In 1921, on the other hand, the plots were 
covered with snow before the advent of severe frost and remained in that 
condition continuously. The soil was saturated with moisture, and 
remained unfrozen until December. These milder conditions correspond 
with a much less development of imbibition pressure. 

The conclusion of greatest practical importance to be drawn from this 
work on the imbibition pressure of wheat leaves, illustrated in Figs. 1 
and 2 by two typical series of tests, is that the relative volume of press- 
juice obtained from the winter-hardened leaves of different varieties, 
under comparable conditions, is a fairly rehable measure of their relative 
hardiness. On theoretical grounds, the percentage hydration of the dry 
substance of the leaves at any pressure would seem a sounder basis of 
comparison; in practice, factors connected possibly with the structural 
elements of the tissues, rather than with the cell colloids, intervene to 
make it less dependable than the foregoing, simpler basis. 
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Moisture Content. 

It was pointed out by the author in a previous paper (lO) that the 
moisture content was largely a function of the imbibitional powers of the 
cell colloids and the degree of previous exposure to modifying environ- 
mental factors. Beach and Allen (2) found that the twigs of hardier 
varieties of apple had on the average a slightly lower moisture content 
than those of the more tender varieties, but after a period of very cold 
weather, the situation was generally reversed, the twigs of the hardy 
varieties then containing most moisture. A parallel condition in plum 
varieties was reported by Strausbaugh(i6), who showed that the moisture 
content of semi-hardy varieties dropped at low temperatures and in- 
creased in milder periods, whereas hardy varieties remained more con- 
stant, and at low temperatures had more moisture than the others. 

liable I. Moisture content of wheat leaver. 

A. Collections of 1921-22, tit Paul. 



Oct. 4th 

Nov. 8th 

Uec. 8tli 

Jan. 21st 

May 17 th 


Variety 

i)/ 

/ o 

0 / 

, f) 

0 

.0 

0 ' 

/O 

0 ' 

,0 


Minhardi 

78-3 

74*4 

77*6 

68*8 

81*8 


Buffum 

80-1 

75*8 

78*4 

72*6 

80*7 


Turkey 

80-7 

77*1 

79*3 

75*8 

82*4 


Kanred 

80-5 

76*9 

79*4 

74*3 

824 


Super 

Fulca8t;er 

81-8 

76*8 

81*0 

74*8 

80*0 


— 

— 

83*1 

75*7 

81*0 



B. 

Collections of 1922-23, Edmonton. 




Nov. 18th 

Nov. 26th 

Dec. 2nd ! 

Dec. 20th 

Jan. 20th Feb. 20th 

Minhardi 

68-9 

68(> 

G9-7 

69-7 

07*9 

68*8 

Turkey 

71-9 

71*1 

72*2 

72*8 

66*5 

69*8 

Fuloaster 

72-7 

71*7 

73*1 

73-0 

70*8 

73*7 

C. 

Variability of moisture cmitent in winter of 1922-23, Edmonton. 





Standard 

Coefficient of 


Variety 

Mean 

deviation 

variability 


Minhardi 

68*9 

0-G4 


0*93 -1-0*18 


Tiu*key 

70*7 

2*20 


3*11 ±0*01 


Fuloaster 

72*(> 

1*05 


l*4r)-f-0*28 



The behaviour of winter wheat plants, as indicated by the data 
recorded in Table I, appears to be in line with that just noted. In this 
table the varieties are arranged in the order of their hardiness, and there 
is evident a considerable degree of correlation between this quality and 
dry matter content. This relationship is again specific for hardened 
tissue, and, as we have seen, it constitutes a contributory factor in deter- 
mining the relative quantities of press-juice obtainable from these 
varieties. It is less marked in the collection of October 4th, 1921, when 

13-2 
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the leaves were only slightly hardened, and completely absent in the 
collection of May 17th, 1922, when the plants were in a state of active 
growth. For the moisture content foimd in the six collections made at 
Edmonton, in 1922-23, while the plants were in the hardened condition, 
the coefficient of variability has been calculated. Necessarily with such 
a small number of observations, the probable error is large, and the 
unexplained drop in the moisture content of Turkey on January 20th 
greatly increases the apparent variabihty of this variety. But in view 
of the observations of Beach and Allen and Strausbaugh, with woody 
plants, it is very suggestive to find in wheat also the hardiest variety 
showing the least variability. 

Recent researches hfive given a clue to the nature of this behaviour. 
Bancroft (1) cites the observation by Cartledge that gelatin gels prepared 
with different moisture contents appear to have definite structures. When 
dried to a uniform water content of 4 per cent., then placed in water, 
they swell rapidly to the percentage moisture at which they were 
originally prepared, but after that extremely slowly. Gortner and 
Hoffman ( 5 ) have further investigated this phenomenon, and secured 
additional evidence of a gel structure which modifies hydration relations. 
It may easily be inferred, therefore, that the resistance to extreme 
hydration as well as desiccation, shown by the hardened tissues of hardy 
varieties, is simply another expression of their highly colloidal nature. 

Cell Colloids in Press- Juice. 

Since the imbibition pressure of winter-hardened wheat leaves has 
been found to depend on the colloids of the living cell, a study of these 
constituents becomes of great importance. Such a study involves con- 
siderable technical difficulty, owing to the extreme lability of the proto- 
plasmic colloids concerned, and the necessity of extracting them from 
the fresh tissue, if possible in an unchanged condition. In the present 
investigation, the leaves from the open were usually frozen when 
collected. They were finely ground and pressed out as rapidly as possible, 
the precaution being taken to chill previous to use the meat grinder 
and press-bowl employed. The press- juice was centrifuged for the 
removal of suspended solid particles, in tubes jacketed with ice water, 
and kept cold till the completion of the work. 

It may be assumed that the fluid thus obtained from finely ground 
material is a mixture of cell sap and cell colloids in somewhat the pro- 
portions in which they occur in the cells. Therefore, the properties of this 
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fluid should represent in some degree the properties of the cell contents. 
From the point of view of the colloidal constituents in their relation 
to winter hardiness, it is of particular interest to look for evidence of 
imbibitional properties. 

The details have already been published (ii) of a method depending 
on the imbibitional properties of hydrophihc colloids for the estimation 
of the relative concentration of these substances in expressed plant tissue 
fluids. Briefly, the procedure is as follows: 

The freezing-point depression of the freshly expressed plant juice 
is first obtained. Then, having determined the total solids in the juice 
by the refractometric method proposed by Gortner and Hoffman (G), 
a fresh portion containing 10 gm. of water is weighed out. To this is 
added 3*4224 gm. of pulverised sucrose, a quantity just sufficient to make 
a molar solution in the total water present. The freezing-point depression 
is again determined, and is usually found to have increased more than 
the theoretical amount (2*085®, allowing for the formation of sucrose 
hexahydrate). It is assumed that the magnitude of the excess depression 
is a measure of the quantity of water held in such a way as to be un- 
available for the solution of the sugar. This quantity is referred to as 
“bound” water. It represents the total water of hydration of all the 
substances in the press- juice, but it seems probable that in most cases the 
water bound by substances other than colloids is of minor importance. 
It should be added that under the experimental conditions observed, 
no increased depression of the freezing-point which could be attributed 
to invertase action has been found, in a somewhat extended series of 
determinations on the same sample. 

The application of tliis method to our series of winter wheats, and 
a few other materials, yielded the rather striking results shown in Table II. 
In this table the percentage total solids given was read directly by a 
refractometer. The values for viscosity, recorded in the next column, 
were determined by a viscosimeter of the Ostwald type, in a constant 
temperature bath at 25® C. ; the figures are the number of seconds required 
for 3 c.c. to flow through a capillary tube, through which the same 
quantity of distilled water flowed in 204 seconds. The symbols used as 
headings for the next four colunms have the following significance: 

A. The freezing-point depression of the freshly expressed juice. 

A^. The freezing-point depression after the addition of the sugar. 

A,. This is equal to A^ - A, the actual additional depression due to 
the added sugar. 

Ajp. This is equal to A^ — 2*085, the amount by which the depression 
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found on addition of the sugar is in excess of that expected on theoretical 
grounds. 

The percentage bound water is calculated by the formula 

^ 89-2 

Bound water = . , 

where 89*2 is the percentage of free water in a molar solution of sucrose. 
This is based on the assumption that 1 molecule of sucrose combines 
in solution with 6 molecules of water, the evidence for which has been 
discussed by Scatchard(i5). 

Table II. The influence of hydrophilic colloids on the physical properties 
of plant press-juice, in relation to type, hardiness, and environmental 
conditions of plant. 

Total Viscosity Bound 

solids (Water =204) water 

Material used % secs. A A^ A^ A^. % 

Winter Wheat Plants, collected Feb. 1922, from the open 


Hardy Varieties: 


Minhardi 

16-4 

398 

1-741 

4-226 

2-486 

0-400 

14-4 

Buifum 

178 

419 

1-719 

4-168 

2-439 

0-364 

13-0 

Semi-Hardy Varieties: 

Turkey 

13-5 

360 

1-273 

3-612 

2-339 

0-254 

9-7 

Kanred 

13*5 

336 

1-461 

3-753 

2-292 

0-207 

8-1 

Non-Hardy Varieties: 

Super 

Fulcaster 

9-7 

292 

1-085 

3-279 

2- 194 

0-109 

4-4 

10-3 

295 

1-202 

3-394 

2-192 

0-107 

4-3 

Greenhouse Plants, collected FA. 10fA-16<A, 
Minhardi wheat 8-5 286 M47 3 284 

1922 

2-137 

0-052 

2-2 

Super wheat 

71 

267 

1-000 

3-106 

2-106 

0-021 

0-9 

Bryophyllum 

5-9 

235 

0-474 

2-555 

2-081 

-0-004 

0-0 

Cereus 

4-9 

637 

0-505 

2-803 

2-298 

0-213 

8-3 

Solutions of gum arabic : 

1 % 

10 

309 

0-005 

2-147 

2 142 

0-057 

2-37 

3 „ 

30 

487 

0-013 

2-186 

2-173 

0-088 

3-61 

5 „ 

50 

684 

0-025 

2-221 

2-196 

0-111 

4-50 

7 „ 

7-0 

932 

0-034 

2-254 

2-220 

0-135 

5-42 

10 „ 

100 

1438 

0-048 

2-294 

2-246 

0-161 

6-39 


A pronounced correlation is at once apparent between the percentage 
bound water and the relative hardiness of varieties. The close relation 
of the bound water to the content of hydrophilic colloid is well illustrated 
by the properties of the leaf press-juice of Cereus, a cactus-like plant. 
Clomparing this with the semi-hardy varieties of wheat, it will be seen 
that the percentage of total solids is nearly three times greater in the 
case of the wheats, but these show no corresponding superiority in 
capacity to bind water. The explanation of this is forthcoming on 
examination of the values for viscosity and A. These reveal a marked 
difference in the physical properties of the press-juice from these different 
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types of plants. The large proportion of colloidal material in the juice 
of Cereus accounts for its high viscosity, small depression of the freezing- 
point, and high percentage of bound water. 

Final proof of an intimate connection between bound water and 
hydrophilic colloids was secured by the use of artificial sols prepared 
from distilled water and highly purified gum arabic. As shown in the 
table, the bound water in these sols increases regularly with concentra- 
tion. When the percentage concentration is plotted against the per- 
centage bound water, a curve of the logarithmic type is obtained, 
suggesting the imbibitional nature of the phenomenon. It cannot but 
be observed, however. How much less efficient in the capacity of binding 
water is the artificial sol as compared with the natural plant colloidal 
solution obtained from Cerem. 

Bound water, hydrophilic colloid content, and relative hardiness are 
thus linked together in close relationship. But here again the correlation 
with hardiness is probably specific for hardened tissues. The data for 
Minhardi and Super collected from the greenhouse do show some 
difference, it is true, but the values are too small to have much signi- 
ficance. 

The influence of sugars on the percentage of bound water in press- 
juice cannot be entirely neglected. Due allowance is of course made for 
the hydration of the sugar added in the course of the determinations, but 
an initial concentration of 6 per cent, is often naturally present in the 
sap of hardy wheat varieties in the hardened condition. Calculated on 
the basis of sucrose, this would bind about 1-9 per cent, of water. But 
since sugar content is also correlated with hardiness (a point to be dis- 
cussed in a later paper) the net result is merely that a method developed 
proves once again to be a measure of the additive effect of more than one 
factor for hardiness^. 

^ There seems little doubt, however, of the special applicability of tlie metliod to studies 
of colloidal properties. In a previous paper (10) the author pointed out a difficulty in 
satisfactorily accounting for variations in osmotic pressure on the basis of sugars and 
electrolytes only, and concluded “that sugars are j^robably not the only non- electrolytes 
which contribute to the osmotic values.” The anomalous results secured at that time are 
readily explainable in the light of subsequent investigations of colloidal effects. 

Anomalous results obtained by other workers may also, in some cases, be susceptible 
of explanation on this basis. For example, Dixon and Mason (3) found that sucrose in 
plant sap could be determined quite accurately by the change in freezing-point depression 
following inversion. They hoiled the sap before use and added the necessary invertase 
solution. The boiling would of course coagulate the colloids, so that bound water would 
not come in question. On the other hand, Mason (8) later tried fresh sap, depending on 
the invertase naturally present, and storing the sap at temperatures suitable for enzyme 
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Summary. 

1. Certain colloidal properties of winter wheat plants have been 
found to be closely related to frost resistance, and provide indices of 
hardiness which may have practical application in the breeding and 
selection of hardy varieties. 

2. The imbibition pressure of fresh leaves, in the winter-hardened 
condition, was found to be in most cases directly related to hardiness. 

8. The volume of press-juice obtained per 100 gm. of hardened leaves 
was inversely proportional to the hardiness of a variety. This volume 
is largely determined by two hardiness factors, the dry matter content 
and imbibition pressure of the leaves. 

4. When unhardened leaves were used, no relation could be found 
between imbibition pressure or volume of press- juice and hardiness. 

5. The imbibition pressure of hardened leaves appears to depend on 
the physical state of the cell colloids characteristic of living tissues, since 
this property was lost when the tissues were killed. 

6. The moisture content of hardened tissues tends to be inversely 
proportional to hardiness. There is some evidence that in hardy varieties 
it fluctuates less with changes in weather conditions, and a possible 
explanation of this as a colloidal property is suggested. 

7. The quantity of hydrophihc colloids contained in the press-juice, 
as measured by an effect on the activity of water, was found to be 
directly proportional to hardiness. 
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action. He found inversion apparently incomplete, but reported that coagulation of the 
colloids occurred during storage, and suggested that the enzyme might have been in- 
activated by adsorption. The coagulation of the colloids would* however, have released 
bound water, thus diluting the solution and providing an explanation at least as satis* 
factory as the foregoing for the freezing-point depression being less than that expected. 
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THE RAPID DETERMINATION OF AVAILABLE 
PHOSPHATE IN SOIL BY THE COERULEO- 
MOLYBDATE REACTION OF DENIGES. 

By W. R. G. ATKINS. 

Marine Biological Laboratory, Plymouth. 

Numerous measurements have been made of the phosphate content of 
soil extracts and attempts made to correlate the results with the behaviour 
of various crops. For purposes of extraction 1 per cent, citric acid has 
been used very extensively and to a lesser extent a saturated aqueous 
solution of carbon dioxide. Arrhenius (1922) has pointed out the desira- 
bility of carr3dng out the extraction at the fH. value of the soil under 
examination for it is known that phosphates are more readily soluble 
in acid than in neutral or alkahne liquids. 

A series of soil samples of various pH values was obtained in the 
course of an investigation into the relation of soil reaction to plant 
distribution. Work on sea- water led the writer to employ the coeruleo- 
molybdate method of Denig^s (1921), as slightly modified by Florentin 
(1921) for phosphate estimations and it was found that this was suitable 
for the estimation of the phosphate yielded by soil at its own pH value. 

The method consists in making a colorimetric comparison of a standard 
phosphate solution writh an aliquot part of the diluted extract after 
adding 2 c.c. of reagent followed by five drops of reagent B to 100 c.c. 
of each. The mixing is made in a stoppered cylinder, after which the 
solutions aie poured into 100 c.c. Hehner cyhnders, and liquid is allowed 
to run out of one cylinder till a match is obtained. With most soils the 
blue colour is too faint for the Duboscq colorimeter to be of any use on 
account of its relatively short tubes. 

Reagent A consists of a mixture of 100 c.c. 10 per cent, ammonium 
molybdate with 300 c.c. of 50 per cent, (by volume) sulphuric acid, which 
is stored in the dark. Reagent B is stannous chloride solution, freshly 
prepared each day, using 0-1 gm. of tin, one drop of 4 per cent, copper 
sulphate and 2 c.c. of pure hydrochloric acid. The reaction is hastened 
by warming, and finally the mixture is made up to 10 c.c. 



W. R (t. Atkins 


193 


These reagents when added to solutions of phosphates give a blue 
colour, which reaches its maximum intensity in about five minutes. 

For the determinations 10 gm. of air-dried soil, passed through a 
sieve with 100 meshes to the inch, were shaken for 3 -4 hours with 50 c.c. 
of conductivity water. Longer periods of agitation gave, in some cases, 
higher values, but more frequently they gave the same or even lower 
values, as shown by examples given further on. About 10 c.c. of the 
resulting hquid was centrifuged till clear, and 5 c.c. of the extract was 
then made up to 100 c.c. and after treatment as above described, the 
colour was compared with that given by a standard solution equivalent 
to 0-05, or in some cases, 0*5 mgm. of P2O5 per litre. The standard phos- 
phate was preserved with toluene. 

It was found that when reagent A had stood for some time a faint 
blue developed spontaneously, especially when exposed to light. This 
can be allowed for by means of a blank estimation with distilled water 
and has been found equivalent to a phosphate solution of 0*001 to 
0*004 mgm. P2O5 per litre. Some soils give slightly coloured extracts, 
which impart a greenish tint to the blue hquid even when diluted twenty- 
fold as described, so that an exact match is impossible. To obviate this, 
drops of a dilute solution of Bismarck brown may be added to the standard, 
a very good match being thus obtained. The estimations made without 
Bismarck brown, where its use is advisable, are about 0*004 mgm. per 
litre too low, so this and the omission to allow for the blank on the 
reagents very nearly cancel out; accordingly the earlier estimations, in 
which these allowances were not made, are not seriously vitiated. 

Using the proportions given, namely 10 gm. of soil with 50 c.c. of 
water, of which 5 c.c. are made up to 100 c.c. for testing, the result 
expressed in hundredths of a milligram of P2O5 per litre is numerically 
equal to the P2O5 in parts per million of the air-dried soil. Thus with 
100 c.c. of diluted sample matched with 46 c.c. of 0*050 standard the 
concentration in milligrams per htre is 0*023, which becomes 0*019 (or 
1*9 hundredths of a miUigram) when corrected by the blank on the 
reagents. This is equal to 1*9 parts of PgOg per million of soil. 

In order to ascertain whether the constituents of soil extracts in- 
terfered in any way with the phosphate estimations, three direct tests 
were made by adding, to 5 c.c. of soil extract, 5 c.c. of standard phosphate 
containing 0*5 mgm. per htre. When diluted as usual to 100 c.c. the added 
phosphate enriches the solution so as to raise its phosphate concentration 
by 0*025 mgm. per litre. The enriched solutions were then analysed, also 
the original extracts with results as follows. 
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Table I, 

Phosphate added PgOg in 

to enrich solution diluted extract pH of Added phosphate 

ragm. PflOg per litre mgm. per litre soil extract found 

0 025 0 000 6 0 0-0245 

0-026 0-006 7*8 0-0240 

0-025 0-026 7-4 0-0243 

It SO happened that none of the three solutions required the addition 
of Bismarck brown, viz. they gave clear blue tints. Had they done other- 
wise the agreement might not have been so good. 

Further evidence of the freedom from error in the estimation due to 
the presence of various salts is afforded by the agreement between the 
analyses of the phosphate content of sea- water carried out by the writer 
(1923), using the coeruleo-molybdate method and by Matthews and the 
Government Chemist, London, using the colorimetric method of Pouget 
and Chouchak. 

Since, in most cases, 5 c.c. of the one to five soil extract were made up 
to 100 c.c. for colorimetric estimation, the result in milligrams per litre 
should be multiplied by 20 to arrive at the concentration in the extract; 
thus, 0*019 mgm. per litre, as measured, is equivalent to 0*38 mgm. per 
litre in the undiluted extract. Again, the smallest concentration of 
phosphate that can be detected by the reaction is about 0*001-0*002 mgm. 
per litre, which, uping the twenty-fold dilution, is equivalent to a con- 
centration of 0*02-0*04 mgm. per litre in the extract. Work on natural 
waters (Atkins, 1923) has, however, shown that plankton algae can reduce 
the concentration to about 0*001 mgm., hence the limit 0*02 mgm., small 
as it is, may yet be surpassed without its being possible to assert that no 
phosphate is available. For still more delicate work a larger amount of 
soil might be used, and a dilution of less than twenty-fold. 

Table II gives the amounts of phosphate, expressed as P2O5, foimd 
in a variety of soils, for which the pH values are also given. The sample 
serial numbers are the same as those used in an accompanying paper on 
the electrical conductivity of the soil extract. 

It must be pointed out that these phosphate values reckoned as parts 
per million of dry soil are in reality conventional, not absolute, values, 
though extraction was made at the pH value of the soil. Inspection of 
the analytical results shows no correlation between the soil reaction and 
its 3deld of water soluble phosphate. The values obtained are for the most 
part under 2 p.p.m. unless enriched artificially. The figures found do not 
indicate any increase in solubility with increasing or decreasing acidity. 
It appears highly probable that increasing acidity does lead to increase 
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Table II. 


Serial 

No. Source of soil 

100. Peat, S. Ireland ... 

17. Brown peat, Dartmoor 

18. Black peat, » „ 

1. Skin of black soil, summit of Worces- 

tershire Beacon, Malvern 

2. Decomposing archaean rock, from pit, 

Worcestershire Beacon 
42. Alluvial sand, Avondale, Co. Wicklow 
16. Alluvial deposit of 1922, R. Tigris, 
near Baghdad 

Arable, land 

3. Mangold field, Co. Cork 

5. Turnip field, Co. Cork 

6. Adjacent turnip field, treated with 

basic slag 

97. Potato field, dunged, Coombe Martin, 
Devon 

101. Garden soil, Cork, dunged ... 

117. Harpenden Field, Rothamsted 

118. Broadbalk, dunged plot, Rothamsted 

119. „ unmanured, „ 

120. Leadon Court soil 

Pastures and waste lands 
8. Pasture, Devon 

7. Subsoil of No. 8 ... 

53. Permanent pasture, on level, Bovey 

Tracey, Devon 

56. Do. top of slope 

57. Do. bottom of slope .. . 

93. Pasture, Coombe Martin, Devon ... 
99. Old pasture, Coombe Martin, no 
manure for 15 years 

28. Waste land, Bickleigh Vale, Dart- 
moor, Devon 

36. Do., furze burnt, Staddon Heights, 

Plymouth Sound 

37. Do. by pier Bovisand, Plymouth 

Sound, sheep rest 

38. Do. higher up 

80. Stony bank, limestone quarry, 

Oroston. Devon 

81. Grassy bank, Do. 

82. Stony bank, some grass. Fort Stam- 

ford, Devon 

83. Do. more stony 

84. 

24. Waste land, by sea, Plymouth Hoe, 

limestone 

30. Do. higher up 

25. Do. higher up again 

3 1 . Pasture, Antony, Cornwall, with cattle 

Boulder clay 

39. Ballyhoura Mts., Co. C^ork, surface 

peat removed 
40a. Do. another site 
40b, Do. blackish surface soil with remains 
of peat 

41 , po. another site 


Water soluble phosphate as 
PjOg p.p.m. on air-dry soil, 
1 : 5 extract 


Extracted 

Extraction time 
in days shown 

pH of 

3-4 hours 

in brackets 

extract 

135 

250 (20) 

4-1 

227 

— 

4-65 

79 


4-86 

l-O 

0-9 (4) 

4-66 

0-6 

0-6 (4) 

.5-8 

00 



5-6 

11 

— 

7-6 

1-3 

1-2 (4) 

5-6 

1-6 

1-6(4) 

6-0 

.33 

1-0 (4) 

5-8 

3-5 

— 

7-7 

27 



7-4 

2-4 

1-7 (4) 

7-8 

20 

15-1 (4) 

7-S 

0-4 

0-4 (4) 

7-8 

0-6 

2-3 (4) 

7-4 

0-5 

M (7) 

7-5 

0-6 

0-5 (7) 

8*0 

0-4 


6-6 

0-2 



6*5 

0*5 

— 

6-7 

0-3 

0-3 (29) 

8-0 

1-2 

— 

,5-4 

0-3 

2-5 (7) 

6-0 

3-6 

4-6 (7) 

5-5 

35-5 

..... 

7-6 

27-4 



7-6 

20 

0-4 (7) 

7-7 

10 

1’4(7) 

8-0 

41 

1-2 (7) 

7-6 

61 

2-0 (7) 

7-55 

5-3 

4-3(7), 2-9(11) 

7-7 

2 7 

.3-2 (11) 

8-1 

1-8 

1-3(7) 

7-6 

.38 

1-9 (7) 

7-8 

.3-2 

1-3 (7) 

7-2 

00 

0-1 (7) 

5-05 

0-0 


5-4 

1-6 

— 

5-25 

O'O 

-r- 

5-6 
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in phosphate solubility and further work on the point is in progress. 
The figures presented here do not, however, prove or disprove such a 
variation. 

In this connection reference may be made to the recent researches 
of Burd (1918), Burd and Martin (1923), Hoagland, Martin and Stewart 
(1920), Russell and Prescott (1916), Shedd (1923), also of Hall and Vogel 
(1923), who have shown that the reversion of soluble phosphates added 
to soil progresses most rapidly in soils rich in iron. It seems probable, 
therefore, that the iron content is of great importance in regulating the 
yield to water during extraction. The decrease in phosphate shown, when 
water extraction is prolonged, is quite parallel to the phenomenon 
studied by Russell and Prescott with acid extraction^. 

The method of estimating phosphate devised by Denig^s is obviously 
very much more rapid than the standard method of precipitation with 
ammonium molybdate and dissolving the precipitate in a standard alkali 
equivalent to 0*5 mgm. P2O5 per c.c., as given by the Association of 
Official Agricultural Chemists of the U.S.A., 2nd edition of Methods of 
Analysis, 1919. Prescott (1914) gives, for N/IO alkali, 1 c.c. equivalent 
to 0*3004 mgm. of P2O5; work is usually carried out on solutions con- 
taining 5-10 mgm. However, if N/lOO alkali is used and a titration made 
to an accuracy of 0*2 c.c., which is very difficult with such a dilute alkali, 
the actual amount of PgOg corresponding to the possible error is 0*006 mgm. 
With the colorimetric method, however, solutions as dilute as 0*002 mgm. 
per litre may be estimated on 100 c.c., the actual quantity involved being 
one-tenth of this, 0*0002 mgm. 

The writer is indebted to Mr E. W. Fenton for a number of soil 
samples, also to Sir John Russell for those from Rothamsted and to 
various friends for miscellaneous samples. 

Summary. 

1. The coeruleo- molybdate method of Denigds affords a rapid means 
of estimating phosphates in such dilute solutions as are given by aqueous 
extracts of soils, 1 : 5, even when the extract is diluted twenty-fold. 

2. High phosphate values were found for bog peats, but the majority 
of the soils studied gave to the extract phosphate corresponding to 
imder two parts per million of phosphorus pentoxide. Dunged soil gave 
20 p.p.m. or more. 

^ In this connection sec also E. A. Fisher, Trans, Faraday 80 c, 17 (1922), p. .-112. 
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3. Extraction for 3-4 hours gives values as high as extraction for 
4-7 days with ordinary soils of low phosphate content, but the phosphate 
of richer soils may undergo a reversion to an insoluble form during 
prolonged extraction. 
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THE ELECTRICAL CONDUCTIVITY OF EXTRACTS 
FROM SOILS OF VARIOUS TYPES, AND ITS 
USE IN DETECTING INFERTILITY. 

By W. R. G. ATKINS, 

Marine Biological Laboratory, Plymouth, 

(With One Text-figure.) 

While studying the relation between plant distribution and the hydrogen 
ion concentration of the soil it seemed of interest to attempt further to 
subdivide the various habitats according to the total soluble salt content. 
In particular it was thought that, in maritime situations blown spray 
might add appreciably to the soil salinity. This supposition was, however, 
found to be incorrect, except very near the sea, as apparently the rainfall 
is sufficient to wash out the sea salt. The investigation has brought to 
light very definite differences between the soils of diverse formations 
and positions. The method and the results with a number of soils form 
the subject of this communication. 

The electrical conductivity of soil extracts has been studied by Beam 
and Freak (1914) and by Joseph (1921) in relation to the salt content 
as injuriously affecting the cotton crop. It was measured by Wilson 
(1915), together with the freezing-point, in studying the effect of heat 
upon soil. Joseph uses an extract of one of air-dried soil to five of water, 
after shaking and allowing to stand for one day. 

The one to five proportion has been used largely of late for work on 
soils and Hoagland, Martin and Stewart (1920) have demonstrated that 
it gives, for light soils at any rate, a trustworthy picture of the com- 
position of the soil solution, which has considerable value in comparisons. 

In the present research soil taken from the top 6 inches was dried 
in air at room temperature. It was passed through a sieve of 100 meshes 
to the inch, and 10 gm. of soil, correct to within the first decimal place, 
were weighed out and stored till the determination could be made. 

The sample was then placed in a bottle with 50 c.c. of conductivity 
water and shaken at intervals for three to four hours. This serves to 
bring into solution the more readily soluble salts. The mixture was 
examined intervals up to about a fp^tnight or such lesser period as 
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sufficed to bring it approximately into equilibrium; this involves not only 
chemical, but biochemical, changes resulting in the production of carbon 
dioxide and consequent increase in calcium bicarbonate in some soils. 
This production of carbon dioxide was shown by the diminution in the 
pH value of the soil extract on standing after subsidence of the soil 
particles, the buffer action of which greatly reduces the observed change. 
That the increase in acidity was due to the production of carbon dioxide 
was demonstrated by agitation of the solution with air, whereby the gas 
was extracted and the original pH value recovered. It was noticed that 
in certain very uniform calcareous silts from Behar, India, these changes 
in the extracts took place much more rapidly in soil from the top 6 inches, 
than in those from 6-12 inches, and the latter again, though less markedly 
and less regularly, alter more rapidly than extracts from soils taken at 
12-36 inches. This might be expected since bacteria are more numerous 
near the surface. 

The examination consisted in centrifuging about 10 c.c. of the mixture 
and determining the electrical conductivity in the usual manner with 
a Kohlrausch bridge. For this purpose centrifuging is unnecessary, since 
a turbid extract, after depositing the larger particles as mud, gives the 
same conductivity as after centrifuging. However, the samples were in 
some cases used for hydrogen ion and for phosphate determinations, as 
described in an accompanying communication, in which the same serial 
sample numbers are used. 

All measurements were made at 0*^ C., as the most convenient steady 
temperature. The cells were standardised with N/lOO potassium chloride, 
which according to Kohlrausch has a conductivity 0*000,78 at 0° C. 
The cells used gave as constants 1*02 to 1*04, which for convenience 
and because the measurements did not justify greater accuracy were 
taken as 1-00. The error comes in partly in the measurement of con- 
ductivity and partly in the variation in the water content of the air-dried 
soils. 

The possibility of error due to the solubility of the glass bottles used 
was examined and was found to be so small as to be negligible. Using 
pure distilled water in the cells the resistance was always greater than 
10 X 10^ ohms after standing in the glass bottles. With a cell of constant 
0*102 the water which initially had a resistance of more than 10 x 10^, 
corresponding to a conductivity of under 0*000,001,0 only increased to 
0*000,002,7 in four days standing in the bottle. The constancy of the 
figures given by Nos. 39-41 up to seven days furnishes additional evidence 
on this point. All corks used were coated with paraffin wax. 

Joum. of Agrio. Soi. xiv 


14 
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The electrical conductivity of the extracts is shown in the table, 
for each sample after standing 3-4 hours and for many of them after 
standing, with frequent but not continuous shaking, for the number of 
days as shown in brackets after the figures. The pH values of the soils 
are also recorded. The behaviour of certain typical soils may readily 
be grasped by inspection of the accompanying figure. Most of these 
results have been omitted from the table. 

Table I {as revised ard abbreviated). 


Conductivity at 0® C. x 10* 


Serial 


( 

Extraction 

Extraction time in 

pH of 

No. 

Source of soil sample 

.3-4 hours 

days in brackets 

extract 

1. 

Skin of blackish soil, over rock, sum- 
mit of Worcestershire Beacon, 
Malvern 

48 

56 (4) 

4-65 

2. 

Disintegrating archean rock from 
pit, same locality 

.53 

.52 (4) 

5-8 

26. 

Earthy bank of meadow, Bickleigh 
Vale, Dartmoor 

47 

.57 (7), 62 (12) 

5-4 

29. 

Meadow, do. ... 

35 

57 (7), 61 (10) 

.5*8 

28 

Under clover sod, road, do. ; 

Boulder Clay, Ballyhoura Mts., Co. 
Cork, skin of peat removed, 39-41 

29 

62 (7), 72 (10) 

60 

39. 

Streamhill Glen, nursery 

49 

50(7) 

505 

40a. 

Do Compt. 13, red-brown soil 

17 

20 (7) 

6-4 

40b. 

Do. blackish surface soil 

24 

26 (7) 

6-25 

41. 

Do. Compt. 11 

21* 

19 (7) 

.5-6 

5. 

Turnip field, oh hill, Co. Cork 

110 

106 (4) 

6*0 

3. 

Mangold field, heavy soil, below No. 5 

210 

220 (4) 

.5*6 

4. 

Same field, }ilanta poor 

200 

220 (4) 

5*4 

8. 

Pasture, Devon 

98 

156 (4), 180 (9) 

7*5 

7. 

Subsoil of No. 8 

67 

103 (4), 118 (7), 122(9) 

8*0 

31. 

Pasture, Cornwall, on U pper Devonian 
slates 

89 

250 (7), 260 (10) 

7*2 

32. 

Adjacent field 

63 

176 (7), 196 (10) 

6*9 

117. 

Harpenden field, July 1923 

.59 

111 (4), 156 (11) 

7*8 

119. 

Broadbalk, unmanured plot, 1922 ... 

66 

115 (4), 154 (11) 

7*8 

118. 

„ dunged plot, 1922 

Leadon Court soil, 1923 

102 

208 (4), 261 (11) 

7*8 

120. 

87 

161 (4), 196 (11) 

7*6 

82. 

Rubble bank, Middle Devonian shale, 
underlying limestone 

122 

294 (7), 303 (11) 

7*6 

83. 

Do. 

145 

294 (7), 308 (11) 

7*55 

84. 

Do. 

122 

263 (7), 294 (11) 

7*7 

80. 

Limestone rubble bank 

116 

244 (7), 270 (11) 

7*7 

81. 

Steep grassy bank, same quarry ... 

106 

244 (7), 270 (11) 

8*0 

37. 

Earthy bank, Bovisand Pier, splashed 
by sea 

192 

415 (7), 455 (10) 

7-6 

38. 

Do. 10 ft. higher up, both on Staddon 
Grits ('Udth slates) 

190 

400 (7), 426 (10) 

7*6 

18. 

Dartmoor, black peat 

370 

377 (2) 

4-86 

17. 

„ brown peat 

Bog peat, S. Ireland 

500 

526 (2) 

4*55 

100. 

666 

4*1 

* Fresh fractured surface of chip of glass from centrifuge tube appears to have raised 
the conductivity of this extract. 
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On viewing the table it is at once evident that the alkaline soils give 
high conductivity values, which increase still further on standing to 
values which are remarkably constant for each situation, considerably 
more so than were the initial values. High values, quickly attaining their 
maximum, are also given by peaty soils. 



As a general rule acid soils give low results and a maximum is soon 
reached. Nos. 1, 2, 26, 29 may be instanced. It seems probable that the 
initial values depend to a considerable degree upon the extent to which 
the crop has depleted the soil of soluble materials, and this point requires 
further work to trace the seasonal changes. It is not suggested that the 
value of the soil is proportional to the quantity of salts it yields when 
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extracted with water, namely, at, or close to, its own hydrogen ion 
concentration, for excess of calcium bicarbonate, for instance, must be 
nearly valueless. It seems nevertheless to be true that a soil yielding a 
very dilute extract must be too poor in all necessary soluble mineral 
ingredients to be of agricultural value. This point may be illustrated by 
reference to Nos. 39-42. These poor soils were considered to be suitable 
for plantations. For the samples and information concerning them 
the writer is indebted to Mr A. C. Forbes of the Irish Forestry Depart- 
ment. ‘'The soil consists chiefly of glacial drift on Old Red Sandstone. 
A thin covering of peat has been more or less removed for fuel purposes, 
leaving the surface almost entirely bare of vegetation. A few inches below 
the surface the soil becomes very compact, water resting on it throughout 
the greater part of the winter, but becoming very dry in summer. Iron 
pan is more or less universal. Trees planted on this soil make very little 
growth for several years.” 

As shown by the writer previously (1923) the percolation of acid 
peaty water would remove iron salts, which on penetrating into the less 
acid boulder clay would be precipitated, forming iron pan. It is note- 
worthy also that the water soluble phosphate in these soils, determined 
as described in an accompanying paper, is less than 0*1 part per milhon 
of air-dried soil. In spite of this phosphate in the form of basic slag 
showed no result, though kainit was beneficial; it appears that lack of 
potassium was the hmiting factor rather than lack of phosphate. It 
appears that the acid water of the overlying peat had in course of time 
extracted almost everything soluble from the surface soil. When the 
roots penetrated deeper, however, whatever the boulder clay contained 
originally was at their disposal. 

No. 42, according to Mr Forbes, ‘‘is taken from Avondale, Co. Wick- 
low, and is alluvial sand on the edge of a river which flows through old 
mine workings a few miles further up. For a number of years nothing 
grew on this soil of any kind, and trees planted in it died. It is now getting 
gradually covered with lichens, mosses and one or two grasses, chiefly 
Molinia. The soil is, however, practically barren.” Here the acidity, 
pH 5*6, is not excessive. In view of the work of Miss Carpenter (1922) 
upon lead in Welsh rivers the soil was tested for lead, but none could be 
detected ; it is, however, possible that flood waters may have contained 
enough to kill the trees, etc. The phosphate content was again found to 
be under 0*1 p.p.m. of P2O5, and a very low conductivity was observed. 
The small amount of this sandy soil which passes the 100-mesh sieve 
makes the observed conductivity rather too high in comparison with 
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other finer soils. Here, again, it appears that this thoroughly leached soil 
is too poor in soluble matter adequately to support vegetation. 

The very infertile soils, Nos. 39-42, yield a 1 ; 5 extract closely similar 
to the purest natural waters obtained from granitic or siliceous palaeozoic 
rocks, whereas the conductivity of the more fertile and calcareous soils 
approximates to that of streams in lowland regions. It is not, however, 
suggested that the water of the streams is similar to the extracts in its 
content of the necessary minor constituents such as nitrates, etc. 

In conclusion the author desires to acknowledge his indebtedness to 
those among his friends who so kindly supplied soil and water samples. 

Summary. 

1. The electrical conductivity of aqueous extracts of soils, in the 
proportion of one of soil to five of water, varies according to the time of 
extraction. In the more fertile soils extraction for three to four hours 
gives less than half as great a conductivity as is given in 4 to 11 days. 

2. In peat the maximum value is reached almost at once, the extract 
having a high conductivity. The maximum value is also reached quickly 
in certain infertile soils, which give an extract of very low conductivity, 
closely similar to that of the purest upland streams. 

3. A high electrical conductivity in the extract may only indicate 
the presence of an excess of salts, and does not necessarily indicate a good 
soil. It seems, however, that a rapid increase in conductivity as extraction 
is prolonged indicates increased solubility, partly through bacterial action 
and may be considered as a useful indication of fertility. A low con- 
ductivity, which remains low on continued extraction, denotes a soil so 
insoluble as to be unfertile. 
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REMARKS AND OBSERVATIONS ON 
IMBIBITIONAL SOIL MOISTURE. 


By E. A. FISHER, 

Department of Textile Industries^ University^ Leeds, 

(With Two Text-figures.) 

In three earlier papers^ the results of a study of the rate of evaporation 
of water from wool, sand, kaohn, ball clay, and various kinds of soil were 
described and discussed. It was shown that, except in those cases 
mentioned below, when the rate of evaporation is plotted against the 
water content (on a dry weight basis) the curve obtained is made up of 
three straight hues cutting one another sharply so that there are points 
on the curve at which there are sudden changes of direction. The factors 
determining the shape of the curves were discussed and it was suggested 
that these are four in number: the vapour pressure of the water present, 
the variable temperature of the drying mass and two others due to 
capillarity, viz. the diminishing rate of movement of water or vapour 
from the interior of the material to the surface as drpng proceeds and 
diminution in area of evaporating surface as the larger capillary spaces 
become empty or as the water wedges between the soil grains get 
progressively smaller. 

It was shown that with the materials mentioned the first sloping 
portion of the rate curves could be accurately expressed by the equation 

-^-A^kw ( 1 ), 

in which A is the intercept cut off from the vertical axis when the curve 
is extrapolated to w ^ 0, thus confirming the earlier experimental work 
of B. A. Keen^ on sand and ignited soil. 

It was further shown that with a deep clay subsoil containing 66*4 
per cent, clay a similar type of curve was obtained but the portion under 
consideration exhibited considerable curvature. From the analogous 

1 This Journal, 13 (1923), p. 120; Roy, Soc., Proc. 103 a (1923), pp. 139, 664. 

* This Journal, 6 (1914), p. 456. 
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work of Keen it is probable that such curvature will be found to be 
characteristic of the evaporation curves of all soils containing more than 
small amounts of clay and the writer showed that this curved portion 
of the evaporation curve could be accurately expressed by an equation 
of the general type 


(Iw 

dt 


A -I- a (iv — n) 


dw 

dt 


k'W 


.( 2 ), 


in which a and k are constants and n ~ percentage water content 
at which the curvature ceased. This particular type of curvature appears 
to be found only in the evaporation curves of such materials as clay soils 
which are mixtures of colloidal and non-colloidal substances and has not 
been found in the cases of substances that are wholly colloidal, e.g. wool 
or ball clay, or wholly non-colloidal, e.g, sand or silt, and it was shown 
by the writer to be due to the simultaneous evaporation of imbibitional 
or ‘‘gel” water held by the colloid and of capillary oi interstitial water 
held as water wedges between the soil grains. The former water evaporates 
at a practically constant rate, as was demonstrated in the case of swollen 
gelatin gels, while the latter evaporates at a rapidly diminishing rate, 
in accordance with equation (1); the actual observed rate is the resultant 
of these two and is represented by the curved portion of the rate curve. 
This imbibitional or “gel” water is associated in some wa}^ other than 
interstitially not only with the clay particles present but probably to 
an even greater degree with the gelatinous or colloidal coating surround- 
ing the soil grains. Recent work by N. M. Comber^ suggests that the 
gelatinous coating does not consist of pure clay particles but resembles 
in its peculiar protective action siUcic acid and some other members of 
the so-called ‘‘emulsoid” group of colloids. Such a protective coating 
would give an “emulsoid” character to what would otherwise be a 
“suspensoid” system ^ and in the present paper will be discussed a 
possible explanation of the manner in which imbibitional water (as 
distinct from interstitial or capillary water) is held by the soil colloids. 

The work of Green and Ampt^ on the permeability of soils to air and 
water illustrates in a striking manner the difference in behaviour towards 
water of the colloidal and the non-colloidal constituents of a soil. The 
permeability (P) of a system of particles to a fluid is kno^ui to vary 


1 This Jcmmal, 10 (1920), p. 425, 11 (1921), p. 450, 12 (1922), p. 372; Journ. Soc. Chem. 
Ind.^1 (1922), p. 77 T. 

® For a further study of tliis type of “protection” see J. Loeb, Joimi. Gen. Physiol. 5 ' 

(1923), p. 479. 

3 This Journal, 4 (1911-12), p. 1. 
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inversely as the viscosity of the fluid used. Hence if two different 
fluids are used, e.g. air (a) and water {w), with the same system of particles 


should equal unity provided the permeability is unaffected by the 


^aVa 
PwViO 

fluid used. This ratio in the case of soils was found by Green and Ampt 
to be very much larger than unity and its value increased enormously 
as the colloid content of the soil increased. This was attributed by Green 
and Ampt to the imbibition of water by the clay particles and by the 
colloidal surface of the soil grains which would result in a restriction of 
the passages between the particles. A further consequencfe would be 
that such a soil when allowed to drain to equih'brium under the influence 
of gravity will hold up more water than if no colloid were present. 

In the case of some extreme types of organic soils such as moorlands 
and peats Crump ^ found that for any one type of such soil the water 
content under normal field conditions minus the water content in the 
air-dried condition at 16® C. bore an approximately constant ratio to the 
content of organic matter. 


Table I. Comparison of critical moisture contents and 
moisture equivalents of various soils. 


Soil 

Percentage 
organic matter 

Percentage 
clay fraction 

Critical moisture 
content 

Moisture 

equivalent 

Heavy clay subsoil 

13-6 

55-4 

21-0 

55* 1 

Silty soil 

71 

11-6 

14-8 

310 

Quartz sand 

00 

00 

4-6 

2-4 

Garden soil 

Considerable but 

Not determined 

240 

24-0 

Wool fabric 

undetermined 

_ 

310 

53-3 


Few data so far have been published concerning the relation between 
water content and clay content but some Ught has been thrown on this 
matter by the writer by comparing the critical moisture contents, i,e. 
the moisture content at which the rate of evaporation begins to fall off 
from constancy, and the moisture equivalents of the same samples as 
determined by the standard method of Briggs and McLane^. The actual 
values are given in Table P. It will be noticed that where no colloidal 
matter is present, i.e. with quartz sand, the moisture equivalent is less 
than the critical moisture content and a reference to Fig. 6 of a former 

^ New Phytologiet, 12 (1913), p. 125. 

® U.S. Dept, of Agric,, Bur. of Soils, B\d, 45 (1907). Moisture equivalent is the term 
employed to denote the percentage of water retained by a soil when subjected to a constant 
centrifugal force sufficient in magnitude to remove the moisture from the larger capillary 

• spaces. 

* For the determination of moisture equivalents the writer is indebted to Dr A. F. 
Joseph, Government Chemist, Sudan. 
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paper^ will indicate that the moisture equivalent lies somewhere on the 
first sloping portion of the rate of evaporation curve, indicating that the 
moisture had been removed from the larger capillary spaces leaving water 
present only in the smallest interstices. In the other cases given (except 
the garden soil) the moisture equivalent is very much larger than the 
critical moisture content. Some of the moisture equivalent is un- 
doubtedly due to slight permeability as indicated by Green and Ampt's 
work but probably not very much since Briggs and McLane showed 
that with a Leonard town loam increasing the time of centrifuging from 
1 5 to 60 minutes decreased the moisture content by only about 2 per cent., 
while puddling a Cecil clay subsoil (containing 59-8 per cent, clay), 
increased the moisture equivalent from about 33 per cent, to about 39 
per cent., this small increase being due to diminished permeabihty due 
to the puddhng: the difference between the moisture equivalent and 
the critical moisture content of the heavy (Rotharnsted) clay subsoil is 
about 34 per cent. From these data, slender though they are, it appears 
that when a wet soil is subjected for a considerable time to a centrifugal 
force some 1000 times that of gravity it will retain a large quantity of 
water, approximately equal to the difference between the moisture 
equivalent and the critical moisture content, in some way other than by 
capillarity. The striking difference between the results for sand and clay 
can hardly be explained in any other way: the water present in a soil 
is held in two different ways, part of it is present as capillary or in- 
terstitial water and part of it is imbibed, i,e, held in some way other than 
interstitially, by the clay particles and organic matter and by the 
colloidal coating on the soil grains. 

Further Briggs and McLane showed that the moisture equivalent was 
due mainly to the clay and organic matter, the sand and silt having but 
slight influence on the amount of water retained. They give the approxi- 
mate equation ME — 0*13 C -4- 0*62 (D -j- E) in which D — clay content, 
E ~ content of organic matter and C silt. This indicates that clay 
and organic matter are equally effective, weight for weight, in water 
retaining capacity. Their results of course include capillary water, which 
is different in amount with different soils, while in Crump’s experiments 
this was to some extent excluded as the water content of the air dry soil 
was deducted from the amount found to be present in the field. On the 
other hand, the moisture equivalent has greater constancy than Crump s 
moisture coiftent under normal field conditions. Probably a more 
accurate equation would be found to hold between moisture equivalent 
1 E. A. Fiahor. This Journal, lot. cii. 
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minus critical moisture content” and the content of clay and organic 
matter. 

This imbibitional water can be studied from another point of view — 
a point of view that has proved particularly fruitful in another field of 
work, viz. in the study of the colloid behaviour of proteins. Doiman^, 
in 1911, demonstrated that when a membrane separated two solutions 
of electrolytes, one of which contains an ion, e.g. a colloidal ion of a dye 
or of a soap, which cannot diffuse through the membrane, while all the 
other ions can diffuse through the membrane, there will be an unequal 
distribution of the diffusible ions on the opposite sides of the membrane. 
At equilibrium the products of the concentration of each pair of oppositely 
charged diffusible ions will be the same on both sides of the membrane. 
E,g. suppose a solution of a colloidal basic dye that can combine with 
acids is placed inside a collodion bag which is immersed in a dilute 
solution of HCl. The collodion membrane is permeable to all the ions 
and molecules except the undissociated dye and its cation. If a; == con- 
centration of the H and Cl ions in the outside solution, y = concentration 
of the free H and Cl ions of the hydrochloric acid inside the collodion bag 
and z = concentration of Cl ions in combination with (or rather that 
belong to) the colloidal dye, then at equilibrium we should get 

x^ = y(y + z). 

Such an unequal concentration of the crystalloidal ions must give 
rise to a difference in osmotic pressure on the two sides of the membrane 
because whereas the Donnan equilibrium described above depends on 
the fact that the product of the ionic concentrations must be the same 
on the two sides of the membrane, i.e, = y {y + z), osmotic equilibrium 
depends on the fact that the sum of the ionic concentrations must be the 
same on both sides^, i.e, 2a; = 2y + z, and from the nature of the case 
these two conditions are mutually incompatible. It can easily be shown 
that there will always be an excess concentration — and therefore a higher 
osmotic pressure — ^inside over that outside and therefore water will pass 
from the outer to the inner solution in order to equalise the concen- 
tration difference. This, however, will disturb the Donnan equihbrium 

^ Zeitf. Elektrochem. 17 (1911), p. 572. 

^ The concentration of undissociated acid will be the same on both sides and therefore 
does not affect the equilibrium. Also the osmotic pressure inside is really equal to 2^ + z + a 
in which a is the molar concentration of colloid molecules and ions; a, however, is small 
and in a simple statement of the problem may be neglected. In the case of a protein a is 
proportional to the (very small) osmotic pressure of the pure protein, of the same molar 
concentration, at the isoelectric point. Of. Loeb’s book {vide infra) and Science, 56 (1923), 
pp. 731-741. 
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and more electrolyte will diffuse from the outer to the inner solution to 
readjust matters and this would further disturb the osmotic equilibrium. 
If the collodion bag is a closed one (or if it is connected only with a 
manometer) this diffusion of water and electrolyte inwards will continue 
until the tension on the walls of the bag (or the head of liquid in the 
manometer) is sufficient to just balance the excess of osmotic pressure 
inside over that outside. It is along these lines that the imbibition of 
water by gelatin and consequent swelling has been explained by Procter 
and his co-workers According to these workers the force which causes 
the entrance of water into a gelatin gel and thus determines the swelling 
is the osmotic pressure of the excess of crystalloidal ions inside over that 
outside the gel, this excess being due to the Donnan equilibrium. The 
opposing force which limits the swelling is the force of cohesion of the 
colloidal particles or gel. At equilibrium this opposing force of cohesion 
(^ e) must equal the osmotic pressure of the excess of crystalloidal ions 
inside over that outside the gel = 2y -f- — 2x. The values of x, y and z 

can be determined experimentally and can also be calculated by means 
of the theoretical equations deduced by Donnan, Procter and Procter 
and Wilson. The agreement between calculated and observed values is 
satisfactory considering the difficulty of experimental work of this nature. 
A gelatin gel swelling under such conditions appears to behave as a 
perfectly elastic solid and obeys Hooke’s Law, i.e. if 7 = the increase 
in volume in c.c. of 1 mgm. equivalent weight of gelatin, C — constant 
corresponding to the modulus of elasticity, and e, as above = the osmotic 
force producing the swelling, then e = CV, 

This relationship too has been shown to be in satisfactory agreement 
with the facts^. Now if the swelhng of gelatin (or any other gel) is a linear 
function of the force producing the swelling it should follow that the 
diminution in volume of such a swollen gel under compression, as 
indicated by the amount of water retained, should be a Hnear function 
of the compressing force. Perhaps the simplest method of compressing 
a gel is by centrifuging as the compressing force can be easily varied by 
altering the speed of working. If the relationship holds then the water 
content after centrifuging should vary inversely as the centrifugal force 
employed. This is perhaps best expressed by the graphical method 
suggested by E. Buckingham® of plotting water content after centrifuging 

^ H. R. Procter, J,G.8. 106 (1914), p. 313; H. R. Procter and J. A. Wilson, Ibid. 109 
( 1016 ), p. 307; J. A. Wilson and W. H. Wilson, Journ, Amer, Chem. Soc. 40 (1918), p. 886. 

* For a detailed treatment of this subject see J. Loeb, “The colloidal Behaviour of 
Proteins** (McGraw-Hill Book Co.), 1922. 

* See and McLane, loc. cit. 
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for a given time against the reciprocal of the centrifugal force: the curve 
obtained should be a straight line inchned to the horizontal axis. This 
has not been done for gelatin and but few data seem to exist. Recently 
Coward and Spencer^ have measured the water retained by cotton 
(which is known to swell in water) after centrifuging. Their results are 
given in Table II, columns 1 and 3; in column 2 are given the reciprocals 

Table II. Wat^r retained by cotton after centrifuging, 

Beoiprooal of centrifugal Water retained by cotton 


Centrifugal force —gf* 

force X 100,000 

percentage of dry weight 

2770 

361 

53 

2460 

40-66 

66 

2230 

44-8 

56 

2170 

46-1 

67 

2010 

49-75 

58 

1400 

71-4 

66 

1300 

76-9 

66 

acceleration due to gravity 

=981 dynes; t.e. 

centrifugal force is expressed 


multiple of g. 



30 60 90 120 150 180 210 

l//x 100,000 

Kg.l. 


of the centrifugal forces x 100,000, and these are plotted against the 
water content in Fig. 1,A. With a wool fabric the present writer obtained 

1 Jowm, Text, Inst, (Trans.), 14 (1923), p. 28. 
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the results given in Table III and plotted in Fig. 1, B, from which it will 
be seen that in this case also the moisture content, i.e. the degree of 
swelling, is a linear function of the centrifugal force applied. 


Table III. Water reiairwd by a wool fabric after 
centrifuging for 15 minutes. 


Centrifugal force ~g 

Reciprocal of centrifugal Water retained bv wool 

force X 100,000 

percentage of dry weight 

450 

2020 

01-24 ) 

62-75 J 

825 

121-2 

50-60 ) 

1200 

83-3 

44- 125) 

45- 75 , 


Briggs and McLane^ observed, but were unable to explain, a similar 
Unear relationship in a number of soils they examined. Some of their 
data are collected in Table IV and plotted in Fig. 2. The curves shown 


Table IV. Moisture contents of soils after centrifuging at various 
speeds for 30 minutes, (Adapted from Briggs and McLane.) 


Speed in r.p.m. 

2700 

3000 

3200 

4100 

4200 

4300 

5000 

5500 

Centrifugal force ^ 

874 

1050 

1195 

1961 

2058 

2157 

2917 

3529 

l/f X 100,000 

114-4 

95-2 

83-7 

51-0 

48-6 

46-4 

34-3 

28-3 

Water retained by soil 

(percentage of dry weight) 



A. New Mexico Dune Sand 

3-00 

2-80 

2-95 

2-80 

2-60 

— 


2-65 

B. Sassafras loam, good 

18-60 

16-95 

15-25 

15-00 

14-05 

— 

— 

12-55 

C. Leonardtown loam, good 

18-05 

16-50 

15-20 

13-60 

14-20 

— 

— . 

12-10 

D. „ loam, poor 

12-00 

10-30 

9-65 

7-75 

7-40 


__ 

6-3 

E. Hagerstown stony loam 

— 

— 

— 

— 

— 

16-9 

15-0 

14-6 

F. ,, sandy loam 


— 



— 

12-2 

11-0 

0-9 

G. „ loam 

— 

— 

— 

. 1 -. 

— 

18-3 

17-5 

16-5 

H. ,, silt loam 

— 

— 

— 

— 

— 

17-9 

16-5 

15-8 

J. ,, clay loam 

— 

- 


— 

— 

26-0 

25-5 

24-8 


are Unear; all, except the one for dune sand, are sharply inclined to the 
horizontal axis and are roughly parallel. The equation for these curves 
is m = m^-h a/f in which m = moisture equivalent, intercept cut 
off from the vertical axis by extrapolating to 1// - 0, / - the centrifugal 
force, and a == the slope of the curve. The average value of a for the 
curves given (excluding dune sand) is about 6100. Since an infinite 
centrifugal force should theoretically remove all water from a soil, 
all the curves on extrapolation should pass through the origin (the curve 
obtained on plotting e against V in the case of gelatin does so) ; since 
they do not Briggs and McLane inferred that the linear relationship 
must break down at large values of /. 


Loc. cit. 
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Really the distance of each curve above the horizontal axis depends 
upon the permeability of the soil, the value of the intercept at l//= 0 

P 1? 

being probably a rough measure of the deviation of p- --- from unity; 

■t* W^W 

the heavier the soil the greater is the intercept and the greater also 

P 77 . . 

— ^ This is what one would expect; a small permeability would 


IS 


P 


cause a large retention of capillary water as discussed above and hence 



l//x 100,000 

Fig. 2. 


a large value for ni^, but one would not expect it to have much effect 
on the slope of the curve. From this point of view the slope of the 
curve may afford a measure of the intrinsic swelling capacity of the soil 
colloids especially if m and 1 % are expressed in percentage volumes 
instead of weights. Thus converting to a volume basis and dividing (for 
convenience) by 1000, the values of a for soil, wool and cotton, work out 
at 16, 16 and 50 respectively, i.e, wool and soil colloids swell to about 
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the same extent in water while cotton swells about three times as much^. 
The approximate constancy of slope, and hence presumably of swelling, 
with different soils is further supported by the work of W. 0. Robinson 
who has shown that the colloidal matter extracted from 34 soils of widely 
different origin and nature will absorb approximately the same weight 
of water, viz. from 0-240 to 0*348 gm. of water per gm. of dry colloid. 
With a material containing no colloidal matter and in which therefore 
there is no swelling in water, e.g. sand, a very slight slope only would 
be expected, viz. that due to the small though real effect of varying 
centrifugal force on the capillary moisture: this is indicated by the almost 
negligible slope of the dune sand curve (A in Fig. 2). 

Further information might be obtained by using xylene (a liquid in 
which cotton, wool, soils, etc. do not swell) in place of water. Coward 
and Spencer^, using a centrifugal force of 2230^ found that 15 per 
cent, by Weight — 26-1 per cent, by volume of xylene was retained by 
cotton as against 55 per cent, by weight = 82-5 per cent, by volume of 
water. The present writer has attempted to obtain a ‘‘xylol equivalent” 
— centrifugal force curve for the milled wool fabric previously dealt with 
but with little success, the variations between duplicate values being 
too great for any conclusions to be drawn. Thus, for a centrifugal force 
of 1200^^ the values for the xylol retained were 6-41, 5-46, 8-37, 7-97, 
6-91 and 5-16, while for/=^4505^ the amounts retained were 7-44, 6-54, 
11-14, 8-16, 12-19 and 10-93 per cent. 

Such large variations may be due partly to the difficulty of com- 
pletely excluding moisture even from a xylol-saturated wool, but mainly 
to the difficulty of getting the wool hairs uniformly impregnated with 
xylol. Such difficulty is well known to biologists and, in the prepara- 
tion of hairs for mounting with a view to section cutting, is overcome 
by soaking the hairs, sometimes under reduced pressure, first in alcohol 
and then in a series of alcohol-xylol mixtures of increasing xylol content, 
ending up with pure xylol. It is suggestive that the last four (high) 
values given above were obtained when the wool had been soaked in 
xylol under 2-3 cm. pressure. That much less xylol is retained than 
water is evident however even from these rough experiments and that 

^ That cotton should swell apparently so much more than wool is possibly due to the 
fact that Coward and Spencer presumably used loose cotton in their experiments while 
the writer used pieces of milled (i.e. felted) wool fabric. In the latter case the strength and 
close packing of the milled fabric might be expected seriously to restrict the swelling of 
the individual wool hairs. If loose wool had been used the slope of the curve might have 
been much greater. 

* Jo-tirn. Phyf}. Chem. 26 (1922), p. 047. 


^ Loc. ciL 
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this is the case with soils also is seen from a comparison of the moisture 
equivalents and the “xylol equivalents” of various soils given in Table V 
which were kindly determined for the writer by Dr A. F. Joseph. 


Table V. Moisture equivalerUs and xylol equivalents of various materials. 



Moisture equivalent Xylol equivalent 


* Max. 


<ME) 

(XE) 


imhibitional 


A 




ME-XE 

Volume 

water 
= 1*38 ME 


r 

Dry wt. 

Volume Dry wt. 

Volume 

Material 

basis 

basis* 

basis 

basisf 

basis 


Kaolin 


106*6 

33*0 

99*4 

7*2 

147*1 

Ball clay 


120*4 

20*2 

60*9 

59*5 

166*2 

Silty soil 

lll\ 

69*8 

8*2 

24*7 

35*1 

82*5 

Clay subsoil 51*6) .rv „ 
47*8) 

129*2 

13*8 

41*6 

87*6 

178*3 


Percentage 
of total 
imhibitional 
water retained 
after 

centrifuging 

4*9 


35-8 


42-6 
49- 1 


* Calculation on basis of real specific gravity of soil — 2*60. 

t Calculation on basis of real specific gravity of soil =2*60 and specific gravity of 
xylol =0*863. 


In these determinations the moisture equivalents in duphcate were 
first determined by the standard method, the final dry weights being 
obtained by heating for 24 hours in an oven at 100*^ C. The moisture 
equivalents were. then re-determined, again in duplicate, on these same 
oven-dried samples to see whether oven-drying had any appreciable 
effect on the determinations. These are the values given in Table V. 
They are slightly lower than those obtained with the original samples 
and are used here because the xylol equivalents can be determined only 
on the oven-dried samples and it is necessary to eliminate any effect of 
oven-drying on the moisture equivalent before one can legitimately 
compare the two sets of values, i.e. moisture equivalents and xylol 
equivalents. Any differences between these values, calculated on a 
volume basis, are probably a measure of the actual amounts of water 
imbibed by the colloid as distinct from the interstitial liquid which should 
not be very different in the two cases. It will be noticed that with kaolin 
which is notoriously feeble in, if not actually devoid of, colloid properties 
the moisture equivalent and xylol equivalent on a volume basis are 
almost identical. This seems to indicate that water and xylol are held 
by kaolin interstitially and that little, if any, actual imbibition takes 
place. The imbibition, and consequent swelling, is considerable in the 
other three cases and is much greater with the clay subsoil than with 
ball clay. 
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These results are interesting from another point of view. Wilsdon^ 
inferred from experiments on the absorption of water by soil from 
sucrose solutions of different concentrations that the amount of water 
absorbed by 100 gm. of his particular soil was 11*5 gm. while the hygro- 
scopic coeflB-cient of the same sample, i.e, the amount of water absorbed 
per 100 gm. soil when in equilibrium with a saturated atmosphere, was 
2*43 gm. The ratio between these two values is 4*73 which is in good 
agreement with the first constant of the Briggs-Shantz equation, 

+ 21 , 

in which M = maximum water retaining capacity and H = the hygro- 
scopic coefficient of the soil. Wilsdon suggests that the term 21 in this 
equation represents the amount of ‘‘free” water in the soil, i.e, capillary 
or interstitial water 2 , while the berm 4*3fir, or from Wilsdon’s experi- 
mental results 4*73Zf, represents the total amount of water held by the 
soil colloids. Of the latter water Wilsdon distinguishes two kinds, one, 
the real hygroscopic moisture (= H 'm quantity), is held by “adsorption” 
or in some other intimate manner by the colloids and is called “gel” 
water by Wilsdon, and the other 3-73ff) he describes as “vesicular 
water retained in the reticulated structure of the colloid.” The value 
4*73 he calls the “vesicular coefficient.” From the foregoing con- 
siderations Wilsdon's vesicular water is the same as that called im- 
bibitional water by the writer. Now according to other work of Briggs 
and Shantz we get ME = 2'IH in which ME = the moisture equivalent. 

Since H — I in which I — the imbibitional water (i.e. Wilsdon’s 
3*73 

vesicular water) we have 

ME = / or / = = 1*38 ME. 

By multiplying the values of ME in column 3 of Table V by 1*38 we 
get the values given in column 7 for the imbibitional water held by 
the soil colloids when saturated. These values minus those given in 
column 6 represent the imbibitional water lost through centrifuging 
and, assuming no specificity on the part of the colloids, that is, assuming 
that the intrinsic swelbng capacity of all soil colloids to be the same, the 
ratios of imbibitional water retained after centrifuging (column 6) to 
the total imbibitional water (column 7) should be the same in all cases 

1 Mem. Ind. Dept. Agric. (Chem. Series), 6, No. 3, March 1921, p. 155. 

* Wilsdon attempted a mathematical derivation of the term 21 but his reasoning has 
been shown to be fallacious by B. A. Keen (this JcmmaZ,14 (1924), p. 171). The fallacy does 
not appear to affect that portion of Wilsdon’s argument used in the present discussion. 

^ Joum. of Agile. Sot xiv 
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and are given in column 8, The actual values are 4-9 for kaolin, 49*1 for 
the clay subsoil, 42*5 for the silty soil and 35*8 for the ball clay. The 
value calculated from Wilsdon’s values should be 47 per cent. The 
agreement (excluding kaolin) is perhaps as good as could be expected 
in view of the diversity of the materials used. The ‘‘constants’' appear 
to be constant only for closely related types of soil and may have widely 
different values for different types^. The relationship seems to break 
down altogether with kaob'n in which the imbibition is almost negligible. 

The significance of the vesicular coefficient in the Briggs-Shantz 
equation is of some little interest and importance, although at present 
we know nothing of its real nature. In the original equation it is merely 
an empirical constant based on a large number of experimental deter- 
minations of the values of M and H. Wilsdon points out that it expresses 
the ratio between the weight of water absorbed by 100 gm. of soil in 
contact with liquid water and the weight absorbed when the soil is in 
contact with a saturated atmosphere. This ratio, it is maintained by both 
Wilsdon and Alway, should theoretically be equal to unity. This is 
correct for a material like sand, but it is not necessarily correct for 
colloidal systems, because with gels there may be factors operating 
which cannot be brought within the scope of the classical theory. The 
phenomenon, too, is not confined to soils. As long ago as 1903 von 
Schroeder^ found that a gelatin gel when allowed to swell in water would 
imbibe over 1000 per cent, .of water; the same (unswollen) sample ex- 
posed at the same temperature to saturated water vapour would not 
absorb more than about 400 per cent. Moreover, the swollen gel when 
transferred from water to saturated vapour would lose water and von 
Schroeder to account for this phenomenon concluded that the vapour 
pressure of water in a swollen gelatin gel must be higher than that of 
pure water — a conclusion that will be shared by few. The phenomenon 
was attributed entirely to experimental error by Wolff and Buchner^ 
but the problem is too similar to the corresponding soil one to be dis- 
missed so easily. The point has also been investigated by Katz^, by 
von Gericke®, by Bancroft® and by ShulF, and the phenomenon — 
known as von Schroeder’s paradox — appears to be well established. 

E. W. Washburn®, again, found that moistened clay can be dried to 

1 Alway and Clark, Joum, Agric. lies, 7 (1916), p. 345; F. Hardy, this JowrTiaZ, 13 (1923), 
pp. 243, 340. 

• Zeit. phys. Chem. 45 (1903), p. 76. ® Ibid, 89 (1916), p. 271. 

* KiOl. BeihefU. 9 (1917-18), p. 1. ® Roll Zeit 17 (1915), p, 78. 

r * Jaurn, Pkys. Chem. 16 (1912), p. 396. ’ Amer, Jmirn. Bot 7 (1920), p. 318. 

Journ. Amer. Cer. Soc. 1 (1918), p. 25. 
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a considerable degree if suspended in a closed vessel over water, but, 
as pointed out by Bancroft^, his explanation of this as a gravity effect 
is demonstrably unsound. 

These similar phenomena in soils, ceramic clay and gelatin are 
difficult of explanation on any classical physical-chemical basis, and do 
not appear to be a consequence of the Dorman equilibrium. The swelling 
of gelatin in very dilute acids and alkalies, as pointed out above, can be 
satisfactorily explained on the basis of a Donnan equilibrium, but it is 
obvious that the presence of an outside solution of lower concentration 
than, but continuous with, the inner solution is a necessary condition 
for the attainment of such an equihbrium. Once attained, however, 
the mere removal of the outer solution should not affect the swelling 
unless some new factor is brought into play. 

It is not suggested that the imbibition of water by colloid gels is 
due in all cases to the existence of a Donnan equilibrium; in cotton at 
any rate it is difficult at present to accept such an explanation although 
it cannot be definitely rejected until we understand more fully the part 
played by the ash content in the colloidal behaviour of such (carbo- 
hydrate) gels 2. In the case of wool (a protein system) and clay (and soil 
colloids generally) such an explanation is quite a possible one and is 
worthy of thorough and systematic investigation. 0. Arrhenius® has 
recently suggested that clay is an ampholyte although his experiments 
are too scanty and limited to be more than merely suggestive. There is 
no doubt that clay is a very reactive substance and much of the charac- 
teristic behaviour of soil can be explained as well on a purely chemical 
basis as from the more popular colloid or adsorption standpoint^. It is 
hoped to investigate further this point of view with both wool and soil 
systems. 

It is perhaps worthy of note that the forces that cause imbibition 
whether due directly to Donnan equilibrium or not must also be operative 
in the movement of water within the soil mass. The movement of soil 
water has been the subject of much attention on the part of numerous 
investigators, notably Briggs, Buckingham, King, Schlichter, Gardner 
and others, but these workers have dealt with the problem mainly from 
the capillary point of view, regarding the soil as a collection of solid 
particles between which the movement of water is dependent entirely 

^ Applied Colloid Chem. (McGraw-Hill Book Co., London, 1921), p. 76. 

® In this connection see “The Swelling of Agar Agar,*’ F. Fairbrother and H. Mastin, 
J.C.8. 123 (1923), p. 1412. 

® Joum. Amer. Chem, Soc,^ (1922), p. 621. 

* E. A. Fisher, Tram, Far. Soc, 17 (1922), p. 306. 
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pn the action of gravity, friction, hydrostatic pressure, surface tension 
and so on. This point of view has been further developed mathematically 
by Gardner^ in a very general treatment with which the point of view indi- 
cated here is not inconsistent. Thus he points out that movement of soil 
water depends on the existence of a potential gradient and the potential 
function O involved in his equations is made up of the sum of three 
independent terms: tt = energy due to hydrostatic pressure; 0 = energy 
due to capillary pressure; and <f> = energy due to gravity. Since the 
negative gradient of this potential becomes a force per unit mass, p = 
moisture density, i.c. the aggregate amount of water present in unit 
volume of soil, must come in as a factor. He goes on to say 

“the mean velocity of any given portion of liquid* through the soil is 
proportional to the pressure gradient, or in equivalent language, to the 
product of the amount of moisture in unit volume at the point in question 
and the rate of change of the potential energy per unit mass charac- 
teristic of such point as we move from point to point in the given region. 
. . .While the velocity of the element of liquid may ultimately depend upon 
a large number of factors such as the surface tension of the liquid, the 
coefficient of viscosity of the liquid, the porosity of the soil, the size and 
shape of the individual grains, the temperature, the barometric pressure, 
and so on, yet the effect of each will be made manifest through one or 
other of the three quantities p, O [= tt and K” [= the trans- 

mission constant of Schlichter]. 

It is impossible to measure capillary pressure directly and an attempt 
was made by Gardner to evaluate it in terms of p, i.e, the moisture 
content, and in another paper^ he showed that the work of Briggs and 
McLane discussed above indicates that the capillary potential, 0, is a 
linear function of the reciprocal of the moisture content, p, over a 
considerable range, i.e. 

p 

What Gardner calls the capillary potential may, therefore, include 
factors not necessarily capillary in character such, for example, as the 
cohesion of the clay particles, or of the colloidal coating of the soil grains, 
which would result in a force of compression on the imbibitional water 
equal (on the hypothesis discussed above) to the difference in osmotic 
pressure inside and outside the colloid. Thus, assume a portion of moist, 
not wet, soil in equilibrium. If the moisture content is diminished, say, 
at the surface, by evaporation this loss would fall largely on the im- 

^ Soil Science, 11 (1021), p. 21S. 

» Ibid, 10 (1920), p. 357. 
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bibitional water as shown by the writer^. This would result in a diminution 
in pressure on the imbibitional water of the surface gel owing to lessened 
distention and (imbibitional) water would in consequence pass from the 
interior to the surface of the soil, until equilibrium was again attained. 
This process would be much slower than the corresponding capillary 
movemelit but would be expected to be faster with the lighter, more 
porous soils, because in the latter case the lost imbibitional water might 
be replaced by capillary water which in turn would be rapidly replaced 
by more capillary water from below which in turn would be replaced by 
capillary and imbibitional water from the interior of the mass. With 
heavy soils of low porosity capillary movement may be almost entirely 
replaced by what may be called ‘‘imbibitionar’ movement^; such con- 
siderations may in part explain the rapid initial rise in coarse textured 
sandy soils and the very much slower rise but higher final values in fine 
textured clay soils such as those given by Loughridge for Californian 
soils®. 

Summary. 

It has been shown in earlier papers that the water present in soils 
is held in two ways: as capillary or interstitial water present as water 
wedges between the soil grains and as imbibitional or “gel'' water which 
is associated in some way other than interstitially with the clay particles 
and with the colloidal coating of the soil grains. Imbibitional water is 
the cause of the swelling in water of soil and other colloidal (gel) systems 
such as cotton, wool, gelatin. 

The nature of the imbibitional process is discussed and it is suggested 
that with clay, wool and soil imbibition may be due to the attainment of a 
Donnan equilibrium as is the case with gelatin. Experiments are quoted 
and discussed in support of this suggestion; and in particular it is pointed 
out that such swollen colloids appear to behave as perfectly elastic solids 
when under compression. This is not the case with sand and water nor 
with soil, wool or cotton in xylol, i,e. when no swelling occurs. 

Imbibition may be a factor in the movement of soil water, in addition 
to capillarity, and it is shown that such a factor is quite consistent with 
the general mathematical treatment of the movement of soil water as 
developed by Gardner and others, 

^ Roy, Soc. Proc, 103 a (1923), p. 664. 

* That the presence of a colloid phase may, and probably does, affect the rate of move- 
ment of soil water has been recognised by Wilsdon {loc. cit. ) but his point of view is somewhat 
different from the writer’s. 

’ Quoted by B. A. Keen, this Journal^ 9 (1919), p. 396. 
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[It is realised that the point of view outlined above rests, as far as 
soil is concerned, on a very slender experimental basis, but it appears 
to be of sufficient interest to merit further investigation. The writer, 
however, has neither facilities nor opportunity for developing the matter 
further and this paper is pubhshed in its present form in the hope that 
it may prove of some interest to other workers more directly connected 
with soil research.] 


(Received November llth, 1923.) 



AN ELECTRICAL METHOD FOR THE REDUCTION 
OF DRAUGHT IN PLOUGHING. 


By EDWARD M. CROWTHER and WILLIAM B. HAINES, 
Rothamsted Experimental Station. 

(With Six Text-figures.) 

An appreciable fraction of the total work done in ploughing arises from 
frictional forces between the mouldboard and the soil. Although no 
exact data are . available, this amount has been estimated as one-third. 
The problem of keeping this friction as small as possible has led the 
manufacturers to produce mouldboards which will ‘‘scour” well by 
selecting special classes of steel and methods of tempering. In the following 
paper a simple electrical method is proposed for the reduction of friction 
on moist substances and an account is given of a preliminary investigation 
into its possible application to ploughing. The method proposed depends 
upon the phenomenon of electroendosmose which is exhibited by moist 
soil. In virtue of the negative charge of the soil colloids, water will 
move through moist soil towards the negative electrode under the action 
of an electric current. It is suggested that, if a current be passed through 
the soil having the mouldboard of a plough as negative electrode, then 
the film of water formed at the soil-metal surface should act as a lubricant 
and reduce the ploughing draught. 

Striking reductions of friction were obtained by the use of such a 
current in laboratory experiments. A shder consisting of a weighted 
metal spatula was drawn over the surface of a slab of moist soil in a 
metal tray by means of a thread passing over a pulley to a scale pan. 
Weights were added to this scale pan until the tension in the thread was 
sufficient to keep the slider in steady motion. The weight thus determined 
was taken as a measure of the friction between the spatula and the soil. 
A current from a 4-volt accumulator could be passed through the soil, 
by wires attached to the slider and the tray, a reversing switch being 
included in the circuit. Some of the results obtained in this way are 
illustrated in Fig. 1. The first measurements with no current gave a 
value of just under 600 gms. At a time corresponding to the point 
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liiarked A, the current was applied with the slider positive, thus caumng 
a drying of the soil in contact with the spatula and the pull required rose 
rapidly to 1500 gm. The current was then switched off for a short period 
and the friction fell {BC). The fact that the value did not fall to its initial 
magnitude is ascribed to the slowness of the return of water to the area 



which had been dried by the current. At C the current was applied with 
the slider negative and the friction fell very rapidly to half its normal 
value, while after some minutes it had reached a vtdue as low as 50 gm. 
With loads below the normal it was possible to stop or start the motion 
of the spatula by switching the current off or on. By appl 3 dng the current 
for some minutes the soil could be made almost dry or completely flooded 
with water according to the direction of the current. 

The rapid response to the application of the current suggested the 
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measurement of the time necessary for the current to cause a definite 
reduction in friction. The results of such an experiment are represented 
in Fig. 2, which shows the weights necessary to move the slider, starting 
from a position of rest. A series of measurements without current gave 
values of about 300 gm. The weight in the pan was reduced to 100 gm. 
and the current applied, with the slider negative, for an interval just 
sufficient to cause the slider to move. This interval was found to be 
six seconds; in this time the current had reduced the friction to one-third. 

+ 

30 


secs. 



Time 

Fig. 2. 


Measurements were continued without the current, the friction remaining 
low and only slowly increasing towards its normal value. When this had 
been approximately regained, the experiment was repeated with 50 gm. 
in the scale pan, when the current was required for 23 seconds. In the 
next test the current was applied for 30 seconds, with the slider positive, 
and the friction rose to 750 gm. After allowing time for the slow return 
of the friction to its normal value, the first test was repeated twice, 
showing reductions of the friction to 100 gm. by the passage of the 
current, with slider negative, for intervals of 30 seconds and 6 seconds 
respectively. 
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\ 

Since it was almost impossible to maintain a steady motion of the 
slider over the soil with the apparatus already described, an improved 
form, shown in Fig. 3, was devised for more extensive measurements. 
In this case the slider was kept stationary whilst the soil slab was moved 
by having it mounted in a light metal carriage on rails. The slider con- 
sisted of a loaded triangular stage supported on three sliding castors 
of the type known commercially as “Domes of Silence.’* A thread 





Pig. 3. 


attached to the slider passed over a pulley to a float in water. Referring 
to the figure it will be seen that, if the soil carriage is moved to the left 
at a uniform rate, the slider will be dragged with it until the frictional 
force is just balanced by the effective weight of the float. Since this is 
proportional to the length of the float lifted out of the water, and, 
therefore, to the movement of the thread, the tension applied to the slider 
can be read off from a suitable scale marked on the circumference of the 
pulley wheel. 
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In order to reduce errors due to a progressive smoothing of the soil 
surface by the repeated passage of the slides, readings were taken alter- 
nately with and without the current, the slider being negative in all cases. 
From the mean of four such pairs of measurements the percentage 
reduction in friction due to the current was determined for a series of 
voltages and at different water contents of the soil. Fig. 4 shows the 
results of such a series on a Rothamsted heavy loam; a heavy clay soil 
behaved similarly. The extent of the reduction of friction is intimately 
connected with the water content of the soil. Below 14 per cent, moisture 



the effect is almost negligible, but it increases rapidly as the soil becomes 
wetter, giving a maximum reduction of 80 per cent, by the application 
of 60 volts to a soil with 20 per cent, moisture. At 23 per cent, moisture 
the results were almost identical with those at 20 per cent., so that at 
these water contents the movement of the soil water is so free that a 
further addition causes little change in its movements in response to an 
applied potential. The “lubricating action of the water film is obviously 
closely connected with the current density and with the duration of 
contact between soil and metal. The resistance of the soil block was 
measured with an alternating current during the actual movement of 
the slider over the soil and gave for water contents of 23 per cent., 20 per 
cent., 17 per cent, and 14 per cent., resistances of 620, 530, 1000 and 2500 
ohms respectively. The area of contact between the slider and soil was 
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about 0*6 sq. cm. so that with an applied potential of 50 volts the current 
densities were 0*2, 0*2, 0-1 and 0*04 amps, per sq. cm. respectively. In 
all the experiments represented in Fig. 4, the relative motion of the slider 
and soil was 4 feet per min. (2 cm. per sec.), and with a range of speeds 
from 1 to 16 feet per min., the percentage reduction in friction was found to 
be approximately inversely proportional to the speed, or directly propor- 
tional to the duration of the contact at any point on the soil surface. 

Under the normal conditions of ploughing, the water content of the 
soil will usually be of the same order as that showing marked effects in 
the laboratory, but large changes will occur in the magnitudes of the 
other factors involved. A comparison between the dimensions and 
speeds of the average plough mouldboard and the slider of the experi- 
ments just described shows that the area of contact is increased 6000 
times, but the duration of contact of any point in the soil surface with 
the metal is increased ten times. Under field conditions the current must 
therefore be increased 600 times to give results similar to those obtained 
in the laboratory. Thus, a 40 per cent, reduction, shown in Fig. 4 for 
soil with 20 per cent, moisture and a current of 0*02 amp. (10 volts), 
would require 10 amps, applied uniformly over the mouldboard. If the 
current be concentrated in the region of the ploughshare, advantage can 
be taken of the appreciable time lag which has been shown to occur in 
the return of a soil surface to its normal state after the application of 
the current. The lubricating effect will be greatest at the point of greatest 
friction, and the water film may be expected to remain operative as the 
soil passes over the rest of the mouldboard, and so compensate for a 
low average current density. This object would be attained by using the 
coulter as the positive electrode. The increased friction which inevitably 
occurs at the positive electrode, would be small with this arrangement, 
since the surface area of a knife coulter is small, whilst the total friction 
with a revolving coulter is a minimum. Simple modifications of an 
ordinary plough therefore rendered it possible to test whether the effect 
occurs under field conditions. 

The general arrangement of the field tests was the same in all cases 
and involved only the insulation of the coulter from the plough-frame 
by packing with fibre. Current was obtained either from a stationary 
generating set and a trailing cable or from a dynamo carried by the 
tractor. The draught of the plough was measured by a Watson Draw- 
Bar Dynamometer. This instrument gives a continuous record on a 
chart of (1) draw-bar pull, (2) distance travelled, and (3) depth of 
ploughing. Normally it has an electrical timing device, but, for these 
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experiments, this was replaced by a hand-switch so that the exact point 
at which the current was applied or disconnected could be recorded on 
the chart. The field chosen was divided up along the furrows into plots 
of equal length (either 33 feet or 66 feet). Two white stakes suitably 
separated were erected on each dividing line and a similar stake was 
fixed to the plough. An observer placed himself in alignment with the 
two stakes and was able to time accurately the moment at which the 
plough crossed the dividing line. The time taken in ploughing each plot 
was measured by the observer by means of two stop-watches arranged 
so that the action that stopped one started the other. At the given signal 
a second observer operated the switches for the current supply and for 
marking the dynamometer chart. Ammeter readings were taken over 
each plot. The method of experiment was to drive the tractor as steadily 
as possible along the whole furrow and have the current alternately on 
and off during successive plots. 

The electrified and control plots were compared on the basis of 
(i) draw-bar pull (d.b.p.) and (ii) a quantity which we have called 
“power.” The latter term was introduced, as some uncertainty was felt 
in relying on the d.b.p. values alone, since these omit the time-factor. 
It seems probable that, with an engine working at constant output, any 
reduction in soil resistance would be reflected in increased speed as well 
as in reduced d.b.p. Hence the d.b.p. figures were multiplied by the 
time taken and the resulting values treated as power consumption. A 
facsimile of a portion of the dynamometer chart is given in Fig. 5, the 
electrified plots being shaded. It is obvious that, in any cultivation 
measurements of this type, changes in soil texture and other factors 
cause such large and erratic fluctuations in d.b.p. that special methods 
of treatment are necessary to eliminate errors. Some form of “micro- 
plot” method of comparison is at least as essential here as in field 
experiments on crops where small differences are looked for, together with 
some measure of their reliability. The method of experiment was 
arranged to give 16 separate plots along each furrow. It is difficult to 
ensure uniform behaviour of the tractor and plough over successive 
furrows and it was occasionally necessary to make some readjustment at 
the end of a furrow. Each furrow was therefore treated as a separate 
experiment and each plot compared with the mean of the two adjacent 
plots (which had, of course, the opposite treatment). In this way all 
the plots, with the exception of the end ones, were taken twice over. 

* This matter will be discussed in detail at a later date in a communication from the 
Physical Department at Eothamstod. 
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The method of treating the results is shown in Table I which gives 
data for the chart in Fig. 5. The mean value of the draw-bar pull was 
determined for each plot by integration of the dynamometer chart with 
a Conradi Rolling-type Planimeter. From the percentage decrease or 


Table 1. 


Comparisons 

Dyoainomoter ^ * ^ 

chart readings D.B.P, Tower 


Area Power Percent- Percent- 


Plot 


under 

Length 

Mean 

Time 

D.B.P. 


Electri- 

age (con- 


Electri- 

age (con- 

No. 

Current curve 

cm. 

D.B.P. 

sec. 

xtime 

Control 

fied 

trol, 100) 

Control 

fied 

trol, 100) 

1 

Off 

644 

1-63 

395 

21-2 

838 



■ 









2 

On 

657 

1-57 

418 

19-4 

812 

416 

418 

100-3 

813 

812 

99-9 

8 

Off 

713 

1'63 

437 

18-0 

788 

437 

426 

97-4 

788 

780 

98-9 

4 

On 

705 

1-62 

435 

17-2 

748 

456 

435 

95-4 

8a3 

748 

93-2 

5 

Off 

743 

1-56 

476 

17*2 

819 

476 

44(5 

93-7 

819 

786 

06-9 

0 

On 

741 

1-62 

457 

18-0 

824 

479 

457 

95-5 

824 

824 

lOO-O 

7 

Off 

747 

1-55 

482 

17-2 

829 

482 

468 

97-1 

829 

805 

97-1 

8 

On 

787 

1*64 

480 

16-4 

787 

494 

-180 

97*3 

830 

787 

94-8 

9 

Off 

775 

1-53 

506 

16-4 

831 

506 

465 

92-0 

831 

768 

91-2 

10 

On 

726 

1-61 

451 

16-2 

730 

483 

451 

93-4 

798 

730 

91-4 

11 

Off 

678 

1*47 

461 

16-6 

766 

461 

'151 

97-9 

766 

713 

93-2 

12 

On 

732 

1-62 

452 

15*4 

696 

441 

452 

102-5 

715 

696 

97-3 

13 

Off 

642 

1-49 

431 

15-4 

664 

m 

462 

107-2 

(564 

726 

109-4 

14 

On 

743 

1-57 

473 

16-0 

757 

491 

473 

96-3 

764 

757 

100-3 

15 

Off 

814 

1-60 

509 

16-6 

844 

509 

481 

94-5 

844 

775 

02-9 

16 

On 

794 

1-62 

490 

16-2 

794 


— 












Mean 

V 

97-2 

Mean 

V 

96-8 


Gain 2'8 % Gain 3-2 % 

Probable errori 0*7 Probable error-i 08 



increase shown by each comparison, a mean value with its ‘'probable 
error” was calculated for the furrow. The method of comparison is 
illustrated graphically in Fig. 6 for a series of four similar furrows. The 
shaded triangles show the decrease in draw-bar pull when the electrified 



Draw- bar pull 
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plot is compared with the two adjoining controls; an increase in d.b.p. 
is shown by an unshaded triangle. The preponderance of the shaded 
portions indicates that for these furrows there is evidence of a decreased 
D.B.P, due to the current. 

lb. 

1400 

1800 

1200 

1400 
1300 
1200 

1400 
1300 
1200 

1400 
1300 
1200 


12 3 4 

6 6 

7 8 9 

10 11 

Plot number 

Fig. 6. 




Table II. 





Percentage difference due to current 

Tost 

plots 

D.B.P. 

Power 

I. Rothamsted (Oct. 1922) 

IG 

-2-9-1 0-7 

- G-2±M 

IG 

-2-2'±0-7 

-5-0 ±0-9 

II. Rothamsted (Jan. 1923) 

IG 

-2-8 ±0-7 

-3-2 ±0-8 


IG 

0-6-{:0-6 

lOiM 


16 

-3-9±0*8 

-5-0±l-7 


16 

-l-5±0-9 

- 5-6 -f- 1-6 

111. Lingfiold (28 Mar. 1923) 

24 

- 3-9 

-1.6 -t 2-4 


72 

-1-8 

i 0-34-1-4 

rV. Lingfield (26 Mar. 1923) 

21 

-0-9±l 3 

— 5-8 iO-9 

18 

-3-8±l-3 

-3-9±l-6 


The results of four series of experiments carried out on two different 
soils are summarised in Table II. In the first two groups the soil was 
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a heavy loam in Great Knott Field at Bothamsted. A single-furrow 
plough was connected by a trailing field telephone cable with a 110 volt 
D.c. 1 J kilowatt generating set. Some furrows have been omitted from 
the table as being unreliable, generally because of readjustments or 
stoppages occurring in the middle of a run: in every case the discarded 
furrow gave a very high “probable error.” The water content of the 
soil in both cases was below that usually present during ploughing. The 
current varied between 2 and 4 amps., corresponding to an effective 
resistance of 26 to 60 ohms. 

The second series of tests was made on a silty soil at Greater Felcourt 
Farm, Lingfield, Surrey, by the courtesy of Mr R. Borlase Matthews, 
who placed at our disposal the excellent electrical facilities with which 
he has equipped this farm. A three-furrow plough drawn by an Overland 
tractor was used. In Test III the current was led from a main overhead 
supply at 440 volts by a 9/16 cable. The field had carried mangolds and 
was too wet for good ploughing; it is probable that the water film already 
present masked the effect of that produced by the current. The mean 
current was about 4 amps, per plough giving an effective soil resistance 
of about 100 ohms. Test IV was of a different and more practicable 
type. A self-contained unit was formed by having a 110 volt dynamo 
mounted on and driven by the tractor. On the electrified plots the tractor 
engine had the extra load imposed by the dynamo. In spite of this it 
was noticed that the engine “eased up” over the electrified plots and the 
time records showed that the speed of ploughing was increased. The 
current in this test was 1-2 amps, per plough, giving again an effective 
resistance of rather less than 100 ohms. In both Lingfield tests, therefore, 
the soil resistance was considerably greater than at Bothamsted in spite 
of the much higher water content of the soil. 

As an additional check, a few tests were made with the mouldboard 
as positive electrode, with the result that the draw-bar pull and power 
were increased. It is possible that a small effect arises from the electro- 
static attraction between the electrified surfaces, which would increase 
the draught independently of the direction of the current. 

An examination of the collected results in Table II indicates fair 
grounds for claiming that the device has succeeded in reducing the work 
done in ploughing. The amount of the reduction obtained in these 
experiments is so far too small to have any great practical significance, 
since the gain would be outweighed by the cost of generating the electricity 
and delivering it to the plough. There is, however, considerable possibility 
of improvement in the method of applying the current; hitherto we have 



E. M. Crowther and W. B. Haines 


231 


made use only of the accidental facilities inherent in plough design. We 
hope to be able to carry the work further and investigate such questions 
as the effect of subsidiary electrodes placed closer to the mouldboard. 
It appears probable that the process would have more useful application 
on special types of soil, such as those which scour” badly {i,e. tend to 
stick to the mouldboard), or for certain other cultivation processes such 
as mole-drainage and deep ploughing. Further, a possible development 
of cheap electricity supplies and the more extended use of electrical power 
for soil cultivation may render the method of practical value. 

We wish to record our thanks to Mr R. Borlase Matthews for providing 
facilities for tests on his farm and for his generous assistance. For the 
use of the generating set in the Rothamsted experiments we are indebted 
to Prof. V. H. Blackman. 


Summary. 

An electrical method is suggested for reducing the friction between 
a metal surface and soil, or other moist substances; and its possible 
application to soil cultivation is considered. 

Large reductions in friction were obtained in laboratory tests with a 
metallic slider moving over moist soil. 

Preliminary tests in the field demonstrated that the draught of a 
plough was reduced by applying a current between the coulter and the 
mouldboard. The magnitude of the reduction obtained with this arrange- 
ment was too small to have immediate practical value, but the possibility 
of increasing the effect is discussed. 


(Received December Isf, 1923.) 
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ON THE MEASUREMENT OF HYDROGEN-ION 
CONCENTRATIONS IN SOIL BY MEANS OF THE 
QUINHYDRONE ELECTRODE. 

By EINAR BIILMANN. 

{Director of the Chemical Laboratory of the University, Copenhagen) 

The measurement of the hydrogen-ion concentration of soils often 
presents great difficulties. When ordinary hydrogen electrodes are used, 
constant potentials are, in many cases, only obtained after hydrogen 
has been passed for several hours, while in many instances hydrogen 
electrodes cannot be used at all. The other important method of deter- 
mining the colorimetric method, can only be used in testing 

clear and almost colourless soil extracts, but not in testing soil mixtures. 

When the use of the usual hydrogen electrode presents difiB-Culties, 
this is doubtless often due to the presence of reducible substances, which 
act as depolarisers at the electrode, until they are gradually reduced 
by action of the hydrogen, whose effect is catalysed by the platinum- 
black of the electrode. 

In 1920 I demonstrated that by means of the organic compound 
quinhydrone^ it is possible to form an electrode which acts as a hydrogen 
electrode with exceedingly low hydrogen pressure. The quinhydrone is 
a combination of 1 molecule quinone CeH402 with 1 molecule hydro- 
quinone CeH402H2. In aqueous solution it is extremely dissociated into 
these components. Further, an equilibrium exists which may be expressed 
by the equation CeH402H2 ^ CeH402 + Hg. The hydroquinone acts in 
the solution as a hydrogen source, whose effect corresponds to a 
‘‘hydrogen pressure,” which at IS'^C. is atmospheres, at 25° C. 

jo- 28,6 atmospheres. These values are found by experiment; for an 
element formed of a platinum plate placed in a solution of quinhydrone 
in a dilute electrolyte and a hydrogen electrode placed in the same 
electrolyte (hydrogen pressure = I atmosphere) has a voltage of 0*7044 
at 18° C. and 0*6990 at 25° C. This potential is independent of the 
electrolyte and of the concentration of quinhydrone. 

^ Kabenhavns Universitets Festskrift, 1920. AnncUea de Chimie, 9. aerie, 16, 109 
(1921). Biilmann and Lund, ib, 18, 321 (1921). 
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The Quinhydrone Electrode, as I have named this electrode, may be 
used in acid solutions and, in the case of soil-water mixtures, also in 
basic solutions up to pH ca. 8*5^. In other words, the quinhydrone 
electrode may be used in the entire field which has practical interest in 
soil investigations. 

The preparation of the quinhydrone electrode is extremely simple 
and quick. Use ordinary electrode vessels of the shape used for calomel 
electrodes. Shake ca. 20 c.c. of the solution or mixture to be examined 
for a few seconds in a test-tube with a few centigrams of quinhy- 
drone. Pour the mixture into the electrode vessel and place in it an 
electrode made of bright platinum. As soon as the solution in the 
electrode vessel has the desired temperature, the potential may be deter- 
mined, for the quinhydrone at once gives the corresponding hydrogen 
pressure. If we measure an element formed of a quinhydrone electrode 
and a decinormal calomel electrode combined by means of a saturated 
solution of KCl, at 18"^ C. we have 

pR - 6-35 - , 

in which tt is the measured potential of the quinhydrone electrode in 
relation to the calomel electrode. From the expression given above 
for pH we see that this potential becomes zero when pH of the examined 
solution is 6’35. With a lower value of pH, tt is positive; with a higher, 
negative. 

The standard calomel electrode may be replaced with advantage by 
a standard quinhydrone electrode, described by Stig Veibel^. The ele- 
ment thus formed is represented by 



Quinhydrone 

KCl 

Quinhydrone 

Pt 

HCl 0-01 N 


soil + water 


KCl 0-09 N 

saturated 



and the potential (tt) is positive for all soil samples in practice. 
18° C. pH is given by 


pH = 2*04 H- 


TT 


At 


It could not be taken for granted that the quinhydrone electrode was 
applicable to soil tests. Though the soil itself may possess considerable 

^ In earlier investigations I have only used the quinhydrone electrode in acid solutions, 
but during the present work it was found that the electrode may also be used in the 
weakly alkaline mixtures of soil and water. Recently Kolthoff {Rec. Trav. Chim, Pays Bas, 
42 , 186, 1923) has used the electrode at pH 8. ^ Journ. Clmn. Soc. 123 , 2203, 1923. 

16—2 
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buffer effect, the soil extract has normally a very slight buffer effect. And 
as hydroquinone, one of the components of the quinhydrone, is acid, 
though very slightly so, it was conceivable that quinhydrone might 
change the pH of the soil extract so much that measurements made with 
quinhydrone electrodes would give false values. On the other hand the 
quinhydrone electrode has this great advantage, that its reducing effect 
is far less than that of the usual hydrogen electrode. As a matter of 
fact, with the quinhydrone electrode very constant potentials are 
obtained not only in 0*1 normal nitric acid, but also in a mixture of 
equal volumes of 0*1 normal nitric acid and 0*1 normal hydrochloric 
acid. Whilst the presence of nitrates will, as is known, prevent the 
application of the ordinary hydrogen electrode, this is not the case with 
the quinhydrone electrode. In making the soil tests the importance of 
this fact is evident. 

Together with Mr Hakon Lund I have tried to measure hydrogen-ion 
concentrations in soil extracts and in mixtures of soil and water by means 
of the quinhydrone electrode. 

We first investigated how well the potentials of the electrode were 
reproduced in soil extracts. The extracts were prepared from 100 gm. 
soil mixed with 100 gm. distilled water. The mixture was placed in a 
corked glass, shaken repeatedly and left to stand overnight. The re- 
sulting extracts was either used directly, or if colorimetric comparisons 
were to be made, after filtering. 

Extracts of three different soil samples, /S 1, S 2 and S 3 were used, 
and each sample was tested with three quinhydrone standard electrodes 
I, II and III. Table I gives the potential difference in volts between these 
electrodes and the standard quinhydrone electrode. 

Table I. 



1 

II 

III 

SI 

0-3220 

0-3222 

0-3226 

82 

0-3365 

0-3340 

0-3360 

8Z 

0-3365 

0-3365 

0-3340 


The greatest difference between the potentials found for the same 
soil extract is here 0*0026 volt. Since a difference of 0*1 in the value 
for pH corresponds to 0*00677 volt, it must be admitted, that the 
potentials are reproduced with an agreement which entirely satisfies 
the requirements of soil investigations. 

As it is often quite dfficult to filter considerable quantities of soil 
extracts, we have tried using the capillary electrode described by Hakon 
Lund and myself {Annales de Chimie, l.c.) and shown in Pig. 1. 
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The electrode is a thin glass tube drawn out into a point, A long, thin platinum 
wire is used as electrode, and this is melted into a glass tube in the usual way. The 
two glass tubes are fastened together with a piece of heavy rubber tubing or a rubber 
cork. A small quantity of quinhydrone is mixed with the liquid to be examined, 
and by turning the two tubes in relation to each other, a couple of drops are sucked 
into the pointed end of the tube, so that 1-2 mm. of the platinum wire are moistened 
by the liquid. An element is then formed by means of a standard electrode, a glass 
with a saturated solution of KCl and the capillary electrode, the point of the latter 
being slightly dipped into the solution of potassium chloride, as shown in the figure. 
The potential may be measured at once, as otherwise diffusion will change the 
composition of the solution. 

In order to investigate the application of this quinhydrone electrode 
on soil extracts we have determined the pH of extracts of seven different 
soil samples both colorimetrically (with bromthymol blue and a-naphthol- 
phthalein) and electrometrically with the capillary electrode. The 
results are shown in Table II, where tt is the potential of the quinhydrone 
standard electtode in relation to that of the capillary electrode. 


Soil extract 

pH colorim. 

ir 

pH electron). 

No. 1 

7-1 

0*296 

7*2 

2 

7 4 

0*326 

7*7 

3 

7-7 

0*330 

7*8 

4 

7*3 

0*304 

7*3 

5 

7*2 

0*302 

7*3 

6 

7-4 

0*310 

7*4 

7 

70 

0*286 

7*0 


We find that the agreement is entirely satisfactory, for the average 
variation between two determinations of pH in the same sample is 0*07. 

Finally the pH was measured in a mixture of soil and water, and we 
examined both the same seven soil samples and four others. 

In this investigation we used both ordinary electrode vessels and 
another, even simpler arrangement, in which the electrode vessels of 
the calomel electrode type are replaced by ordinary test-tubes. The 
method of procedure is then as follows: 

Five gm. of the soil sample are shaken for a short time in a test-tube 
with 20 c.c. of boiled, distilled water and some centigrams of quinhydrone. 
The platinum electrode is placed in the mixture of soil, water and 
quinhydrone and a cell is formed by hanging the standard electrode by 
its syphon-tube on the edge of the test-tube, so that the end of the 
syphon-tube dips a few millimetres into the liquid in the test-tube. 
Fig. 2 shows the arrangement. The measurement of the potential has to 
be made at once. 
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Table III gives the result of measurements of the 11 mentioned 
mixtures of soiP and water, both with test-tubes as electrode vessels 
and with ordinary electrode vessels of the calomel electrode type. 


Table III. Quinhydrone in mixtures of soil and water. 


Ordinary electrode Test-tube electrode 


Soil sample 

TT 

pH 

r 

TT 

pH 

No. 1 

0-292 

7-1 

0-288 

7-0 

2 

0-335 

7-8 

0-337 

7-9 

3 

0-352 

8-1 

0-345 

8-0 

4 

0-336 

7-9 

0-325 

7-7 

5 

0-284 

7-0 

0-285 

7-0 

6 

0-343 

8-0 

0-338 

7-9 

7 

0-362 

8-3 

0-351 

8-1 

8 

0-070 

3-3 

0-064 

3-1 

9 

0-222 

5-9 

0-231 

6-0 

10 

0-076 

3-4 

0-070 

3-3 

11 

0-078 

34 

0-079 

3-4 


The agreement between the two series is quite satisfactory, but the 
values for joH are generally lower when the measurements are made with 
the test-tube as electrode vessel. It is possible that this is due to a 
diffusion of acid from the standard electrode and therefore it may be 
advisable to bend the point of the syphon-tube of the standard electrode 
upwards, because the liquid of the standard electrode has a higher 
specific gravity than the liquid in the other electrode. The practical 
advantage of the use of the test-tubes instead of electrode vessels of 
more complicated form is so evident for soil investigations on a large 
scale that a further development of this detail seems desirable. In the 
State Laboratory for Plant Culture it has been found advantageous to 
establish the connection between the standard electrode and the test- 
tube electrode not directly but through a vessel with potassium chloride 
solution and siphon-tube filled with a stiffened solution of agar and 
potassium chloride and dipping one branch in the vessel with potassium 
chloride and the other branch in the test-tube electrode. M. Harald R. 
Christensen and Mr Tovborg Jensen will describe the arrangement in 
a special paper. 

A few practical hints on the treatment of the platinum electrodes remain to be 
made. If the electrodes require thorough cleaning, they should be treated with a hot 
mixture of chromic acid and strong sulphuric acid, then washed with distilled water 
and heated to glowing-point over an alcohol vapour lamp or a benzine blow-lamp, 
but not in gas flame. 


^ Samples 1-7 are the same as those of which the pH values are given in Table III. 
We find that the extracts show on an average a lower value for pH than the corresponding 
mixture of soil and water. 



238 MeamremeM of H-ion ComerUration in Soil 

However, during the daily work in examining series of soil samples, rinsing with 
distilled water, when going from one sample to another, may be sufficient. 

The formula by means of which the value of pH is calculated from the measured 
potential is exact at 18° C. Bilt as it is not to be taken for granted, that a soil 
sample represents the hydrogen-ion concentration of the soil with greater accuracy 
than 0* 1-0-2 in pH, it is permissible to work at temperatures which deviate some few 
degrees from 18° C. 

The quinhydrone is conveniently prepared as follows: 100 gm. ferric ammonium 
alum are dissolved in 300 c.c. water at ca. 65° and this solution is poured into a 
warm solution of 25 gm. hydroquinone in 300 c.c. water. The quinhydrone preci- 
pitates in fine dark needles. The mixture is cooled in ice and filtered by suction and 
the precipitate then washed four or five times with cold water. Yield 15-16 gm. 
The preparation may contain a slight trace of iron, which is without serious effect. 

When I had found that the quinhydrone electrode could be used so 
easily and rapidly in measuring hydrogen-ion concentrations in soUs, it 
seemed important to try out the method on a larger scale. I therefore 
went to the State Laboratory for Plant Culture (Statens Planteavls 
Laboratorium) in Lyngby, Denmark, where the Director, Mr Harald R. 
Christensen, showed much interest in the matter and undertook the 
examination of a large number of samples of various kinds of soils. The 
measurements were made by his assistant, Mr Tovborg Jensen. By 
using the ordinary hydrogen electrode at the same time as the quin- 
hydrone electrode for making jcjH determinations, it was possible to 
compare the accuracy of the two methods. I cannot express my gratitude 
warmly enough to both Mr Harald R. Christensen and Mr Tovborg 
Jensen for the interest they have shown in the question and for putting 
the following report of their experiments at my disposal. 

Appendix : — Comparative determinalions of hydrogen-ion concentrations in 

soils, made at The State Laboratory for Plant Culture, Lynghy, Dennmrk, 

The determinations were made by means of the usual hydrogen 
electrode, as well as by means of the quinhydrone electrode. Mixtures 
of 6 gm. soil and 20 gm. boiled distilled water were shaken in a test-tube 
with some few centigrams of quinhydrone and poured into vessels of 
the type used for calomel electrodes. As comparison electrode the quin- 
hydrone standard electrode described by Veibel was used. Every 
morning before beginning measurements the platinum plates of the 
quinhydrone electrodes were rinsed with distilled water and heated in 
the flame of a benzene blow-lamp. The potentials were measured some 
five minutes after inserting the platinum in the mixture. Table IV con- 
tains the values of pB. found with the hydrogen electrode (Hg) and with the 
quinhydrone electrode (Q) on the examination of 76 different soil samples. 
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Table IV. 


(a) Sandy soiU, 


Ha 

Q 

Ha 

Q 

Ha 

Q 

Ha 

Q 

8-28 

8-28 

8*00 

8-18 

7*90 

7*95 

7-88 

7*82 

7-84 

7*90 

7*89 

8-08 

7*74 

QIS* 

7*00 

7*64 

7-20 

7*34 

0*94 

0*96 

6-90 

6-86 

6*84 

6*90 

6-82 

6*74 

6*80 

0*78 

6*80 

0*87 

6*70 

0*59 

6*68 

6*62 

6*50 

0*62 

6-50 

6*37 

0*36 

6*37 

6-30 

6-62* 

0*30 

6*30 

6*15 

014 

004 

6-20 

602 

010 

0*02 

5-92 

6-90 

5*92 

6*82 

5-90 

5*50 

5*04 

5*40 

5-90* 

5-39 

0-50* 

6*32 

5*42 




(b) Loam 

soils. 




8-22 

8*20 

810 

8-22 

7*90 

810 

7*88 

7-93 

7*85 

8*00 

7*78 

7-94 

7-72 

7*04 

7*00 

7*48 

7*48 

7*50 

7*32 

7*62 

7*31 

7*39 

7*24 

7*20 

7*12 

7*04 

7*10 

7*04 

7*08 

0*98 

0*94 

710 

6*70 

6*80 

0*70 

6-74 

0*00 

6*76 

0*38 

6-47 

6*30 

0-38 

6*30 

6-18 

0*22 

7*28* 

6*21 

0*35 

6-20 

6*63* 

615 

6*53* 

0*00 

6*10 

6*80 

5*93 

6*82 

5-79 

5*44 

5*40 

6*28 

6*32 

— 

“ 




(c) Humus soils. 




7-84 

7*71 

7*66 

7*49 

7*40 

7*40 

6*87 

6*76 

6*68 

6*70 

6*96 

6*02 

6*96 

6*04 

6*68 

5*71 

5*54 

6-00 

4*70 

4*78 

4*76 

4*70 

4*23 

4*25 


The accordance between the two series of figures is very good. In 
most cases the agreement is within 0*1 in the value of pH, and only in 
seven cases (marked with an asterisk) do the deviations exceed 0*2, 
which may be considered as the precision needed in the determinations 
of pH in soil samples. In five of the seven cases the determinations were 
repeated (Table V). Comparison of the first and the second series of 
measurements seems to show, that the differences in the first series are 
due to sampling and other errors, which may easily be avoided. 


Table V. 

First determinations Second determinations 


H. 

Q 

H. 

Q 

7*74 

0*73 

0*34 

6-38 

6*30 

6*62 

0*38 

0*05 

5*40 

5*96 

6*02 

6*04 

6*22 

7*28 

6*36 

0*44 

0*15 

6*63 

0*45 

6*60 


Altogether some 200 comparisons have been made with results 
similar to those recorded here. Measurements on 600 samples have been 
made with a special form of the test-tube electrode described in the 
first part of this paper and will be discussed in a separate paper. 


{Received December 1^^, 1923.) 



FIELD EXPERIMENTS IN ELECTRO-CULTURE i. 


By V. H. BLACKMAN. 

Department of Plant Physiology and Pathology, Imperial College of Science 
and Technology, London. 

Attempts to increase the growth of plants by means of electricity date 
backto the 18thcentury,Mambray at Edinburgh in 1746 being apparently 
the first to conduct experiments. Various methods of electrification have 
been employed ; use has been made of the electricity of the atmosphere 
and of a charged spray of water, and currents have been sent through 
the soil. Good accoimts of earher experiments are given by Grandeau(6), 
6iglioli(5), and Priestley (14), see also Jorgensen and Stiles (lO). Owing to 
the work of Lemstrom, attention has of late years been concentrated 
niainly on the electrification of crops by means of a discharge from thin 
wires placed above the crop. Lemstrom, a professor of physics at 
Helsingfors, when on a. visit to the northern polar regions came to the 
belief that the rapid growth of vegetation during the short arctic summer 
was to be ascribed to special electrical conditions of the atmosphere in 
these high latitudes On his return to Helsingfors he attempted to 
reproduce these assumed conditions by increasing the atmospheric 
current, which normally passes from the air to the plant, by the use of 
wires placed above the crop and charged to a high potential by means 
of an influence machine. The results of his experiments were pubhshed 
in book form and translated into English in 1904 ( 12 ). 

Lemstrom claimed to have obtained from electrification an increased 
yield in many cases and with many different plants. His results, however, 
though suggestive failed to carry conviction to most agricultural workers 
since he did not appear to be familiar with the large experimental error 

^ The experimental results here desoribed have been incorporated in the reports of 
the Eleotro-Oulture Committee of the Ministry of Agriculture and Fisheries, and a brief 
statement of the results has appeared in the JowmaX of the Ministry of Agriculture, xxix. 
792, 1922. 

* The claim that in the polar regions the atmospheric current is of higher intensity than 
in lower latitudes is still unproven. 
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implicit in the field plot method, nor was the previous history of his 
experimental ground usually known. 

Using Lemstrom’s method, which is often referred to as that of the 
“overhead discharge,” a number of field experiments have been carried 
out, -for example by Priestley {14, i4a, is ), Hendrick (7), Lodge (13), and 
Newman (see 13 and 14a) in this country and by other workers elsewhere (i, s, 
11, 17, 18); Mr I. Jorgensen and the author(3, 8) have also published the 
results of single field experiments carried out during the years 1915 and 
1916. The results of these experiments have, however, been very variable, 
and failed to give full proof of a favourable effect of the electric dis- 
charge. Most of them were isolated field experiments lasting but a single 
season, and the electrical conditions were very imperfectly known, 
measurements of the intensity of the current passing from the wires 
being usually lacking. Failure might thus be due to too high or too low 
a discharge ; in fact such experiments might be compared to a manurial 
experiment in which a fertiliser is applied in unknown quantities. The 
absence of appropriate physical measurements is of course particularly 
unfortunate since without them it is impossible to reproduce in a later 
experiment the electrical conditions of an earlier one. 

It became clear that satisfactory evidence as to the value of the over- 
head discharge could be gained only from a series of field experiments 
carried out with appropriate physical measurements and for a number 
of years. Furthermore it was realised that although in the present 
state of our knowledge some success might be obtained in field experi- 
ments, yet any such success would be of a haphazard nature imtil 
further knowledge, both of the physiological conditions under which the 
discharge should be given and of the physiological effect of the discharge. 
Were available. Without such physiological knowledge field experiments 
must be largely of an empirical nature and carried out under arbitrarily 
chosen conditions. On this ground pot-culture experiments were started 
in 1918, for owing to their much smaller experimental error these cultures 
}ueld trustworthy physiological data much more rapidly than field 
experiments. Laboratory experiments on the effect of minute electric 
currents on growth were also undertaken. The results of the pot-culture 
experiments are embodied in the paper which follows this (4); the first 
results of the laboratory work have been published elsewhere (2). 

In all the experiments from 1917 to 1920 here described not only 
has the potential of the discharging wire been determined, but the 
intensity of the current passing from the overhead installation has been 
carefully measured, usually by a milliammeter such as is used for 
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X-ray work^. The instrument was at first placed in the return (earth) 
circuit. In this position, however, it is liable to give too high readings, 
so later it was placed in the high tension circuit. 

Another respect in which the experiments here described differ from 
all previous work in electro-culture is their extent and duration and their 
association with experiments in pot-culture andlaboratory investigations. 
No less than 16 field experiments have been undertaken, spread out over 
four years and carried out at three different centres. By repetition of 
the experiments the uncertainty due to the large experimental error 
inherent in field trials can be avoided*. The continuance of the experi- 
ments over a number of years and at a number of centres allows also 
for the effect of different seasons and of different soil conditions. 

In the earlier experiments of this four year period the type of 
apparatus used by previous workers was employed, the high tension 
current being obtained by the use of a mercury interrupter and an 
induction coil, with rectification of the current by the use of Lodge 
valves. In the later experiments apparatus more in consonance with 
electrical engineering practice was used at the Eothamsted Experi- 
mental Station and the Harper Adams Agricultural College, namely, 
an A.o. dynamo (50 cycles) and an oil immersed transformer giving 
60,000 volts, while rectification was obtained mechanically by means 
of a rotating disc rectifier (Newton and Wright type) fixed on an exten- 
sion of the spindle of the dynamo. 

The field installation consisted of cables of stout galvanised iron, or 
stranded steel, wire placed on two sides of the plots. These cables were 
supported at a height of about 7 feet above the ground by disc insulators, 
three in series, fixed to wooden posts. Between the cables ran the fine 
discharging wires which were usually of fine galvanised steel (0*35 mm. 
diam.). This low type of installation though not satisfactory for actual 
agricultural practice is the most suitable for experimental work since 
with high wires the spread of the discharge is very great as Jorgensen 
and Priestley ( 9 ) have shown. With wires at a low level the control 
plots can be kept nearer the electrified plots than with wires at a height 
of 16 or 18 ft., and so the chances of difference in soil conditions between 
the two areas can be reduced. 

The wires were in all cases charged positively. 

^ It is found most satisfactory to keep this ammeter short-circuited when not in use 
as the sparking employed in voltage measurements is liable to damage the instrument. 

• The chequer-board system of plots, which is of such value in ordinary field trials, 
is impossible in electro-culture owing to the lateral spread of the ions of the air. 
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The intensity and duration of the current to be employed in these 
experiments, and the period of the discharge were arbitrarily chosen. 
The current strength was at the rate of 0*5 to 1 milliamp. per acre given 
for two periods during the day, i.e. about 3 to 4 hours in the morning, 
and about 3 to 4 hours in the afternoon. The hot, middle period of 
the day was avoided in accordance with Lemstrom’s view that the 
application of the discharge is then not advantageous; this view how- 
ever requires more definite experimental support. 

Experiments of the Year 1917. 

Experiment at Lincluden, Dumfriesshire, 

Experiment with Oats {var. Potato), This experiment was similar to 
those of 1915 and 1916, a description of which has already been pub- 
lished ( 3 , 8 ). The experimental and control areas were each of one acre 
(146*75 X 33 yds.) with their long sides parallel and a space of 40 yards 
between. The control plot lay s.w. of the electrified plot. The uniformity 
of the soil of the field was not all that could be desired. 

Apparatus, This consisted of a mercury interrupter working on a 
60 volt current, an induction coil with Lodge valves employed for 
rectification. 

Field Installation, Tinned steel wires (s.w.g. 30) 18 ft. apart were 
stretched across the experimental area, the height being 6 ft. in the 
middle and 7 ft. at the ends. The wires were charged positively. 

Current, A milliammeter was placed in the return (earth) circuit^. 
The readings at the beginning of the experiment were about 0*5 milliamp. 
rising to nearly 1 milliamp, towards the end of the experiment. 

Period of Discharge, The total period during which the discharge 
was given was 1060 hours; the discharge was usually started at 
6-8 a.m. and continued until about 6 p.m. ; it was discontinued in wet 
weather. Electrification was continued from May 15th till August 27th. 
The grain was sown on April 23rd and harvested at the end of August. 
Owing to a breakdown in the binding mechanism of the harvester the 
straw yields cannot be given. Each area was divided into three equal 
plots which were harvested separately. 

^ This is not a satisfactory experimental arrangement, and in all the experiments of 
later years the ammeter was placed in the high tension circuit, i.e, between the induction 
coil, or transformer, and the installation. 
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Crop Results. 

Yields per acre 

Electrified Controls 

E. I 64-8 bushels (42 lbs.) C. I 48-9 bushels 

E. II 42-2 „ C. II 44-9 „ 

E. Ill 36-9 „ C. Ill 38- 1 „ 

Difference between mean of electrified and mean of control plots + 2 % 

The difference is too snoiall to be significant. The seasonal conditions were 
not very favourable as at times the crop suffered severely from drought ; 
from June 25th to July 9th the rainfall was only 0*1 in. The winds 
also were unusual, as on more than half the days during which the 
experiment was carried on the winds were n.ne., e. or s.e. ; the discharge 
was thus carried to a certain extent over the control area. 

Experifnent at Rothamsted Experimental Station, 

Experiment with Barley, A plot of land about l/40th acre in the 
neighbourhood of the laboratories was divided into a control and an 
electrified area by ‘^earthed’’ galvanised wire netting (partly J*inch 
and partly 1-inch mesh) 8 ft. high so as to prevent the spread of the 
discharge to the control area. The area of the control plot was 3 per cent, 
greater than that of the experimental plot. 

Apparatus, This was similar to that of the experiment at Lincluden 
described above. 

Installation, Three tinned steel wires (s.w.g. 30) 32 ft. long and about 
6 ft. apart were stretched over a height of 7 ft. 

Current, A microammeter was placed in the earth circuit. The 
reading varied very much, but was about lO-lS microamps. 

Period of Discharge, The discharge was started on May 3l8t and 
continued until September 8th, the daily period being about 15 hrs. 
(4-12 a.m., 1-8 p.m.). Owing to special conditions the crop could not 
be sown till May 25th. It was harvested on Sept. 8th before it was fully 
ripe to avoid depredations by birds. 

Crop Result, 

Yield per acre 

Electrified Control 

Total yield ... 29*5 cwt. 24*1 cwt. 

Grain ... 17-8 bushels (56 lbs.) 13-1 bushels 

Difference between yield of electrified and) Straw plus grain +22 % 
control plots j Grain + 36 % 
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By June 19th, i,e. after 20 days’ electrification, there was a difference 
between the crops of the two areas which was noticeable to a casual 
observer. The plants on the experimental area were taller and appeared 
to be of a deeper green colour. Later on the visual difference between 
the two crops was less marked. The final weights show a marked 
difference in favour of the electrified which may be taken as significant. 

Experiments of the Year 1918. 

Experiment at Lincluden, Dumfriesshire. 

Experiment with Oats (var. Potato). The electrified and control areas 
ran parallel about 40 yards apart, and the control area lay s.w. of the 
electrified. The electrified area was 100 yards by 40 yards, i.e. 4000 
sq. yards (of which 3000 sq. yards were harvested), and the control 
area was 900 sq. yards (8 by 112*5 yards). The electrified and control 
areas were each divided into three equal sections which were harvested 
separately. 

Apparatus. This consisted of a mercury interrupter, supplied with 
direct current at a voltage of 60, an induction coil, and three Lodge 
valves in series. 

Wiring. A stranded steel cable supported on high tension insulators 
was fixed at a height of 7 ft. at each side of the electrified area and fine 
galvanised steel wires (gauge 29) spanned the 40 yards between the 
cables. The wires were 15 ft,, 10 ft., and 5 ft. apart respectively on the 
three sections, the total length of wire being 1440 yards. The aerial 
installation was made positive. 

Current. A miUiammeter (which was kept short circuited except 
when readings were being taken) was placed on the high tension side of 
the field circuit and a recording microammeter in the return circuit. 
The current, which was controlled by altering the voltage, varied between 
0*5 and 0*9 milliamp., but was usually about 0*8 milliamp. If the dis- 
charge currents are proportional to the number of wires this should 
give a discharge at the rate of 0*5, 0*75, and 1*5 milliamps. per acre over 
the three sections. 

Period of Discharge. The discharge was given during 704 hours 
altogether, starting at 5.30 a.m. or 6.30 a.m. (g.m.t.) in the morning 
and running till about 10.30 a.m. and then again for about 3 hours in 
the afternoon, stopping at about 6.30 p.m. The warmer middle hours 
of the day were avoided, and the discharge was not given during hot, 
droughty weather nor during rain. 
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The sowing of the field was finished on March 26th, the crop appeared 
above ground on April 10th, but the discharge was not started until 
April 19th, owing to the dry condition of the ground; it was continued 
till August 11th. The crop was cut on August 16th and 16th. The yields 
were as follows : 



Crop 

Results, 



Electrified 


Control 


(Yield per acre) 


(Yield per acre) 


E. I (wires 6 ft. apart) 


C. I 

Grain 

Straw 

... 3170 lbs. = 75-5 bushels 

... 51*3 owt. 

Grain . 
Straw . 

2365 lbs. =661 bushels 
46-3 owt. 


E. 11 (wires 10 ft. apart) 


C. II 

Grain 

Straw 

... 3667 lbs. =84-9 bushels 

63‘7 cwt. 

Grain . 
Straw . 

.. 2462 lbs. =68*4 bushels 

.. 46*6 cwt. 

E. Ill (wires 16 ft. apart) 


C. Ill 

Grain 

Straw 

... 3378 lbs. =80-4 bushels 

63*7 cwt. 

Grain . 
Straw . 

1946 lbs. =46*3 bushels 
. . 42-6 cwt. 


Mean 


Mean 

Grain 

Straw 

... 80*3 bushels per acre 

. . . 56*2 owt. per acre 

Grain . 
Straw . 

63*6 bushels per acre 
44-8 cwt. per acre 

Bifference between mean yields ofj 
electrified and control plots ... j 

Grain . 
Straw . 

.. +60% 

.. +26% 


The nitrogen and organic matter of the six plots were estimated in 
the usual way with the following results: 

Nitrogen per cent. Organic matter 



Surface 

Subsoil 

Surface 

Subsoil 

E. I 

1-33 

0-22 

10*2 

7*3 

C.I 

0-31 

017 

8*4 

6*1 

E.II 

0*36 

0*27 

10*0 

8*6 

C. II 

0-34 

0*20 

10*0 

7*3 

E. Ill 

0-37 

0*26 

9*7 

8*4 

C. Ill 

0-34 

0*20 

10*0 

7*7 

These estimations show that the electrified plots are somewhat richer 


in nitrogen than the control plots, a difference which reduces the value 
of the crop results. The differences in crop yield are however too large 
to be explained by the nitrogen differences. 

Rolhamsted Experimental Station. 

Experiment with, Barley (Burton). The total electrified area was 2’1 
acres, the three plots harvested being each 2/3rds of an acre. The three 
control plots lay s. of the electrified area and were each 1/lOth acre. 

Apparatus, This consisted of a petrol-driven engine and dynamo 
(“ Delco ” ) giving alternating current, and a wax impregnated transfonner. 
The current was rectified by means of a Newton and Wright disc rectifier. 
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Fidd InstallMion, This was of the usual type. Thin galvanised steel 
wires (s.w.o. 29) were stretched between cables placed at a height of 
7^ ft. at the sides of the area. The cables were insulated by means of 
high tension disc insulators, three in series. The fine wires were 6 ft., 
10 ft. and 16 ft. apart respectively over the three electrified areas. 
There was a considerable sag in the middle of the plot. The total length 
of fine wire was 2*1 miles. 

Current, A milliammeter was placed in the earth circuit and the 
current was kept at the rate of 1 milliamp. per acre by controlling the 
voltage in the primary of the transformer. The voltage varied from 
35,000-60,000 (crest value) decreasing as the crop grew up and varying 
with weather conditions. 

Period of Discharge, The discharge was supplied from April 26th to 
August 16th, the total number of hours being 643. The daily period of 
discharge Was from 7-11 a.m. and from 2-6 p.m. (g.m.t.); it was usually 
continued even during rain. 

The crop was harvested on Sept. 6th and 7th. 


Crop Results, 


Electrified 

Grain 

E. I 44-7 bushels 

E. II 47-4 „ 

E. Ill 40*4 „ 

Mean ... 46 2 „ 


Yields per acre 

Control 

Straw Grain 

22-3 cwt. C. I 36*4 bushels 

250 „ C.II 52-7 „ 

24-4 „ C. Ill 36-3 „ 


23-9 „ 41-8 


Difference between mean yield of ) Grain + 10 % 
electrified and control plots ... ) Straw -0-5 % 


Straw 

21*6 cwt. 
28-5 „ 
21*8 „ 
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This result by itself is too small to be significant. An examination 
of the yield of the various plots shows that the value of the experiment 
has been markedly reduced by the plot C. II which gives a yield 45 per 
cent, higher than either of the other plots. If this plot be neglected the 
electrified area shows a yield in grain 24 per cent, greater than that of 
the controls. 


Experiments op the Year 1919. 

The year was an unfavourable one for field experiments owing to 
the early wet period which delayed the planting of spring crops and the 
drought which occurred later. The effect of the drought is well seen in 
the low yields obtained ; that at the Harper Adams Agricultural College 
is considerably below a normal yield, and the highest yield at Lincluden 
Jonm. of Agrio. Sot xxv 17 
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is 63 bushels as compared with the 86 bushels obtained last year on the 
same field. 

In all the three sets of field experiments of this year a wire screen was 
placed close to the control areas. This improves the experimental con- 
ditions from the electrical aspect by protecting the controls from stray 
currents, but from the agricultural aspect it is less satisfactory since it 
gives the control artificial protection from the wind. 

Experiment at Linduden, 

Experiment with Oats (var. Potato). This experiment was conducted 
on the same field as that of 1918. A dressing of 3 cwt. superphosphate, 
1 cwt. of sulphate of ammonia, and 2 cwt. of bone flour per acre was 
given. The control and electrified areas were each about l/3rd acre and 
they ran at right angles to the plots used last year. The control lay 
s.E. of the electrified area and was protected by a screen of wire netting 
(1-in. mesh) 9 ft. high, which stood between the areas at a distance of 
6 ft. from the control area. The areas were harvested in three equal 
sections. 

Apparatus, This was the same as in the year 1918. 

Wiring, The installation was similar to that of 1918, but the thin 
discharge wires were 5 ft. apart over one-half of the area and 10 ft. 
apart over the other half. 

Current, The arrangements for measuring the current were the same 
as last year. The current given was about 0’25 milliamp., which should 
give 0*6 and 1*0 milliamp. per acre respectively over the two halves of 
the plot on the view that the discharge received by the crop is propor- 
tional to the number of wires per unit area. 

Period of Discharge. The discharge was given for 710 hours running 
from April 21st to August 11th. The daily periods during which the 
discharge was given were the same as in 1918. 

The sowing of the field was finished on April 4th and the crop was 
cut on August 12th. 


Crop Results. 


Electrified 
(Yield per acre) 


Control 

(Yield per aero) 


E. I (wires 5 ft. apart) 
Grain ... 36-6 bushels 

Straw ... 18-2 cwt. 


C. I 

Grain ... 45-2 bushels 

Straw ... 27*9 cwt. 


E. II (wires 5 ft. and 10 ft. apart) 
Grain ... 45*1 bushels 

Straw ... 28- 1 cwt. 


C. II 

Grain ... 43*8 bushels 

Straw ... 27*9 cwt. 
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Eleotrified 
(Yield per acre) 

E. Ill (wires 10 ft. apart) 
Grain ... 53-3 bushels 

Straw ... 36*4 cwt. 


Control 

(Yield per acre) 

C. Ill 

Grain ... 28*9 bushels 

Straw ... 16*2 cwt. 


Mean of E. I, Mean of E. II Mean of C. I, Mean of C. II 
E. II and E. Ill and E. HI C. II and C. Ill and C. Ill 
Grain (bushels per acre) 46 0 49*2 39*3 36*4 

Straw (cwt. per acre) 27-6 32*3 24*0 22*1 

Difference between mean grain yield of electrified and control plots + 14 % 

„ „ straw „ „ f 15 % 

Difference between mean grain yields of Plots E. II and E. Ill and 
of Plots C. II and C. Ill ^ 35 % 

Difference between mean straw yields of Plots E. II and E. HI and 
of Plots C. II and C. Ill + 46 % 


The results of the nitrogen estimations of the soil of the Lincluden 
plots, which were carried out at the Rothamsted Experimental Station, 
are given below : 

Surface Subsoil 

Percentage of N in dry matter Percentage of N in dry matter 

April 1919 


C. I 

0-37' 

1 

0*24 

I 

C. II 

0-39 

Av.=0*37 

0*25 

IAv.:=0*22 

C. Ill 

0-36] 

1 

0*18, 

I 

E. I 

036 1 

1 

0*23] 


E. II 

0-35 

l^Av.=rO*3r> 

0*23 

Av.=0*23 

E. Ill 

0-36 1 


0*22 J 


September 1919 




C. I 

0*361 


0*261 

1 

C. II 

0*39 

Av.=:0*37 

0*27 

Av.=0 22 

C. Ill 

0*37 1 


0*13 1 

1 

E. I 

0*361 


0*241 


E. II 

0*38 

Av.=0*.37 

0*25 

1 Av.=0*24 

E. Ill 

0*36 


0*24] 



The little difference between the nitrogen content of the two sets 
is in favour of the controls. The superiority of the crop on the electrified 
area must then be due to some factor other than nitrogen supply. 

The difference in crop yield observed is comparatively small, but in 
assessing its value the drought, which was particularly severe in the 
Dumfries district, must be borne in mind. Also the wire screen pro- 
tected the control from northerly winds. 

The low yield of E. I is almost certainly due to the snow blizzard 
of April 27th, which did obvious damage to that area, while the corre- 
sponding control area, 0. 1, was protected by the snow which, collecting 
on the wire netting, formed an almost solid screen. 

The mean results have therefore been calculated both on the basis 
of the whole areas and adso after exclusion of areas E. I and C. I. Owing 
to the special conditions to which E. I and C. I were subjected by the 

17—2 
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snowstorm of April the second result is probably the more trustworthy ; 
it has accordingly been chosen for inclusion in the summary given on 

p. 261. 

In 1918 the plot E. Ill gave a yield only 6 per cent, higher than 
C. Ill when neither was electrified ; in 1919 when E. Ill was electrified 
it gave a yield 84 per cent, higher than the control. 

The results of the Lincluden experiment may be considered significant 
when taken in connection with the other positive results of this year 
and last. 

Experiments at Rothamsted Experimental Station, 

1. Experiment with Clover-Hay, This experiment was undertaken 
in the field (Foster’s Field) used for the barley experiment of 1918, 
‘^seeds’’ having been sown in 1918 with the barley. Plots about l/3rd 
of an acre were selected from the C. I and C. Ill plots which had given 
equal yields last year. After the first crop was cut a second control was 
marked out on the electrified area of last year, and the first control was 
surrounded with wire netting, as there was some evidence that hares and 
rabbits had been visiting this area. 

The apparatus and wiring was similar to that of the other experiments, 
the wires being 10 ft. apart. 

Current, As three installations were supplied from the same trans- 
former the intensity of the discharge current could not be altered 
independently. The voltage was kept at such a height as to give a rate 
of discharge of about 0*5 milliamp. to the winter wheat area. Such a 
voltage gave a rather higher rate of discharge to the clover; it started 
at about 0-6 milliamp. per acre and rose to 1’6 milliamps. per acre. 
Electrification was begun on April 12th and continued until September 
10th. The first crop of clover was electrified for 354 hours and the second 
crop for 440 hours. 

The following results were obtained: 

First Crop, 

Conti-ol I = 23'l cwt. per acre Electrified = 34-8 cwt. per acre 

Difference between yield of electrified and control areas + 50 % 

Second Crop, 

Control I = 14*0 cwt. per ac. Control II = 1 1*6 cwt. per ac. Electrified = 17*1 cwt. per ao. 
Increase over moan of controls = 34 % 

The results of the nitrogen determination are given below; the 
samples were taken on Feb. 23rd, 1920. 

Percentage of N in dry matter (surface soil) 

C.II 016 


C. I 016 


E, 016 
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The differences in nitrogen content are very slight and are somewhat 
in favour of the control plot C. I. 

The stand’’ of clover was somewhat irregular in various parts of 
the field, but the differences in favour of the electrified area reach a 
significant value. 

2. Experiment with Winter Wheat. This experiment was undertaken 
on Great Knott field sown with a winter wheat (Red Standard) in early 
November, but electrification was not started until April 12th. The 
electrified and control areas were each 1 acre, the control area lying 
about 110 yards to the south-west of the electrified area. 

Apparatus. This consisted, as in 1918, of a petrol-driven ‘^Delco” 
set, with a dry transformer and a Newton and Wright disc rectifier. 

Field Installation. This was similar to that at Lincluden and that 
of 1918. Over half the area (E. I) the wires were 10 ft. apart, and over 
the other half (E. II) the wires were 5 ft. apart. 

Current. The current varied between 0-5 and 1-0 milliamp. per acre. 
This installation, that of the clover-grass experiment just described and 
that of the next experiment, were all supplied from the same transformer. 
By the use of three separate out-going circuits and ammeters in two of 
them and in the return circuit, the discharge from each installation 
could be measured. As the intensity of the discharge was controlled 
by the voltage it could only be regulated in one installation at a time ; 
that of the winter wheat was usually kept at a fixed intensity. 

Period of Discharge. The current was started on April 12th and 
continued to August 19th, the total period of the discharge being 
854 hours. The discharge was given usually from 7-11 a.m. and from 
4-6 p.m. (G.M.T.). 

The crop was sown November 9th-llth, and harvested in September. 

Crop Results. 


Electrified 
(Yield per acre) 

Control 

(Yield per acre) 

E. I (wires 10 ft. apart) 

Grain ... 21*4 bushels (00 lbs.) 

Straw ... 11-9 cwt. 

Grain 

Straw 

C.I 

14*3 bushels 
8-2 cwt. 

E. II (wires 6 ft. apart) 

Grain ... 22*3 bushels 

Straw ... 13-5 cwt. 

Grain 

Straw 

C. 11 

... 17*4 bushels 

9*7 cwt. 

Mean 


Mean 

Grain ... 21*9 bushels 

Straw ... 12-7 cwt. 

Grain 

Straw 

... 15-9 bushels 

9*0 cwt. 


Mean increase of grain =38 % 
M » straw =41 % 
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The results of the nitrogen estimations of the soil of these plots are 
given below ; the samples were taken on Feb. 3rd, 1920. 

Percentage of N in dry matter (surface soil) 

C. I 016 E. I 016 

C. II 017 E. II 016 

The agreement is seen to be satisfactorily close. 

The positive result obtained with this crop may be taken as definitely 
significant. It is the first time in this set of experiments that a winter 
cereal crop has been subjected to the discharge. It indicates that such 
a crop can profit from the discharge even though the application is 
delayed until the spring. 

3. Experimerd with Spring-Sown Wheat This experiment with wheat 
(Red Standard) was undertaken on the same field as the previous experi- 
ment with winter-sown wheat. The electrified and control areas were 
each 1 acre in extent, the electrified being divided into two plots and 
the control into three plots. 

Apparatus and Installation, These were the same as in the experiment 
with winter wheat described above, the discharge wires above E. Ill 
being 6 ft. apart and those above E. IV 10 ft. apart. 

Current, The current varied from 0*1 to 1*6 milliamps. per acre, but 
was usually about 0*75 milliamp. 

Period of Discharge, The discharge was given for 940 hours running 
from April 18th to September 8th. The daily periods during which the 
discharge w^s given were the same as in the previous experiment. 

The sowing was finished on March 26th, and the crop was cut in 
September. 

Crop Results, 



Electrified 


Control 

(Yield per acre) 

(Yield per acre) 

E. Ill (wires 5 ft. apart) 


C. Ill 

Grain 

7-6 bushels (60 lbs.) 

Grain .. 

.. 10*0 bushels 

Straw 

7-4 cwt. 

Straw .. 

,. 8-3 cwt. 

E. IV (wires 10 ft. apart) 


C. IV 

Grain 

7*3 bushels 

Grain .. 

,. 7*9 bushels 

Straw 

8*5 cwt. 

Straw .. 

.. 8*1 cwt. 




C. V 



Grain ., 

.. 6*3 bushels 



Straw . 

8*3 cwt. 


Mean 


Mean 

Grain 

... 7-5 bushels 

Grain .. 

.. 8 0 bushels 

Straw 

. . . 8*0 cwt. 

Straw .. 

.. 8-2 cwt. 


Difference between means of electrified and control areas: 

Grain = - 8 % Straw = - 3 % 
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The results of the nitrogen estimations of these plots are given below ; 
the samples were taken on Feb. 3rd, 1920. 

Percentage of N in dry matter (surface soil) 

C. Ill 017 E. Ill 017 

C. IV 010 E. IV 013 

C. V 014 

This experiment was carried out under very unsatisfactory conditions. 
A wet period delayed sowing until very late (March 26th), and soon after 
the crop was up and before it was well established a drought set in. 
The poorness of the crop is shown by the mean yield of grain, which is 
only about a quarter of an average yield. The negative result cannot, 
under the circumstances, be considered as of any significance. 

This experiment is the first of the series of agricultural experiments 
carried out since 1915 which has failed to give a positive result. 

Expemnent at the Harper Adams Agricultural College. 

Experiment with Oats (var. Crown). This experiment was conducted 
in a large flat field of a good loam with a somewhat sandy subsoil. The 
electrified and control areas ran parallel about 75 yards apart and the 
electrified area lay n.e. of the control area. The control area measured 
110 yds. by 44 yds., i.e. 1 acre, while the electrified measured 110 yds. 
by 66 yds., i.e. 1|^ acres. Each area was divided into three equal sections 
(half an acre), and since the 5 ft. and 10 ft. wires met in the middle 
of the central section of the electrified area, this section was again sub- 
divided into two equal halves, E. II (a) and E. II (6). 

Apparatus. Current (100 volts d.c.) was available from the small 
electric lighting installation of the College. The apparatus employed 
consisted of a small 2 h.p. motor (100 volts) coupled to a 1 k.v.a. a.c. 
dynamo (140 volts) which bore on an extension of its axle a Newton 
and Wright disc rectifier. An oil-cooled transformer (1 k.v.a.), giving 
a voltage up to 60,000, was employed for the discharge current. 

Field Installation. This was of the same type as those put up last 
year at Rothamsted and Lincluden. The cables were 7 ft. high at the 
ends and the fine stranded wires (gauge 29) were 5 ft. apart over plots 
E. I and E. II (a), and 10 ft. apart over E. II (6) and E. III. A screen 
of wire netting 8 ft. high was fixed between the two areas and at a distance 
of 8 ft. from the control area. 

Current. A milliammeter was placed in the earth circuit and the 
discharge was kept steady at 1*1 milliamps. by altering the resistance 
in the primary circuit. Such a current should give a discharge at the 
rate of 0*5 and 1*0 milliamp. per acre over the areas under the 10 ft. and 
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5 ft. wires respectively. The voltage varied from about 30,000 to about 
50,000 (crest value), decreasing as the crop grew up and also varying 
with weather conditions. 

Period of Discharge. The discharge was applied from May 23rd to 
August 14th and for a total period of 456 hours. It was given usually 
from 7-10 (g.m.t.) in the morning and for three hours in the afternoon, 
usually from 4-7, or somewhat later. The field was sown on April 2nd 
and harvested on Aug. 21st and 22nd. 


Crop Results. 


Yield of 

grain 

Total produce 

bushels (39 lbs.) 

cwt. 

per acre 

per acre 

E.I 

470 

46*5 

E. II (a) 

63-8 

53*0 

E. II (6) 

60*8 

54*0 

E. Ill 

60*2 

60*0 

Mean ... 

66*4 

Mean ... 53*4 

C.I 

63*6 

46*6 

C. II 

48*2 

47*26 

C. Ill 

69*6 

63*76 

Mean ... 

63*8 

Mean ... 49*2 


Difference between mean yield of electrified and control plots : 

Grain + 3 % Straw plus grain + 9 % 

Nitrogen estimations of the soil of these plots are given below : 

March 1919 October 1919 

Surface Subsoil Surface Subsoil 

E. I 014] 0 07 013] 007 

E. II 014 Mean 014 0*08 1 Mean 0 08 0*16 Mean 014 0 07 Mean 0 06 

E. Ill 014) 0 08) 0-14) 0-05^ 

C. I 013] 008) 013] 0-08) 

C. II 014 ^ Mean 014 0 07 [ Mean 0 08 0-14 Mean 0*14 0-07 I Mean 0 07 

C. Ill 0 14 ) 0 09 ) 0 14 ] 0 06) 

The agreement between the two sets of plots is seen to be very close. 

The 3 per cent, difference in grain yield is too small to be significant 
when taken by itself. In connection with this result the abnormal nature 
of the seasonal conditions must be considered; the severity of such 
conditions is shown by the lowness of the yield. This variety of oats 
when last sown on this field gave a yield of 90 bushels per acre. The 
low yield in 1919 appears to have been mainly due to attack by frit 
fly, which was favoured by the dry season ; to the same cause is probably 
to be attributed the want of uniformity in the yield of neighbouring 
plots. Also the protection of the control plots from wind which the 
screen afforded may possibly have introduced a new factor. 
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Experiments op the Year 1920. 

Experiments with Oats at Lincluden. 

This experiment was conducted on exactly the same plots as those 
used in 1919, and the same crop was employed, but the variety was 
Swedish Victory. A dressing of 3 cwt. superphosphate, 1 cwt. ammonium 
sulphate, and 3 cwt. kainit was given. The three control and three 
electrified plots were each l/9th of an acre in area and the control area 
lay s.e. of the electrified area. 

Apparatus, This was the same as in 1918 and 1919. 

Field Installation, The installation was similar to that of 1919, but 
the discharge wires were 5 ft. apart over the whole electrified area. 

Current, The arrangements for measuring the current were the same 
as in 1919. The current was kept at about 0*25 milhamp., which should 
give a discharge of about 0*76 milliamp. per acre. The voltage (crest 
value) varied from about 14,000 to about 35,000 according to weather 
conditions. 

Period of Discharge, The discharge was given generally for two daily 
periods (from about 6-11 a.m. and from about 5-8 p.m. (g.m.t.)) and 
for 911 hours in all, running from May 8th to August 29th. 

The sowing of the field was finished in the first week of April, but 
owing to wet weather the fertiliser could not be put on until three weeks 
later. The crop was out on August 31st and threshed on September 27th. 
The wire screen between the control and electrified areas was not again 
used, as it was found in 1919 to act as a protecting wind screen. Observa- 
tions made in 1920 with an electrometer showed that in spite of the 
absence of a screen the control area showed no indication of the discharge 
even when the wind was blowing over it from the electrified area. 

The two sets of plots are arranged nearly parallel on ground which 
slopes down from plots I to plots III. It seems more satisfactory 
therefore to compare the plots in pairs, E. Ill with C. Ill, etc. The 
area E. I was unfortunately damaged by rabbits in the early stages of 
growth, so the plots E. I and C. I are neglected in the comparison. The 
plots were identical with those of 1919, and no fresh nitrogen estimations 
of the soil were therefore made. 

The difference between the first set of plots is negative, but not 
significantly so; the difference between the second set of plots is very 
marked. Both the sets of plots are included in the summary set out 
on p. 261. 
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Crop Results, 



Electrified 


Control 


(Yield per acre) 


(Yield per acre) 


E. I 


C. I 

Grain ... 

36-2 bushels (42 lbs.) 

Grain 

... 44*8 bushels 

Straw . . . 

30*4 cwt. 

Straw 

... 36*3 cwt. 


E. II 


C. II 

Grain . . . 

43-5 bushels 

Grain 

46*1 bushels 

Straw . . . 

34*5 cwt. 

Straw 

38*8 cwt. 


E. Ill 


C. Ill 

Grain ... 

51-8 bushels 

Grain 

33*0 bushels 

Straw ... 

42-0 cwt. 

Straw 

33*8 cwt. 

Difference 

of yield between E. II and C. II : 

Grain 

-6% Straw -12% 


E. Ill and C. Ill : Grain + 57 % Straw + 24 % 


Field Experiments at Rothamsted Experimental Station. 

1. Experiment with Clover-Hay. This experiment was carried out on 
Foster’s Field and was a continuation of that of 1919, the ‘‘seeds” 
being catried on for a second year. The same plot as in 1919 was used 
as the electrified area, and the control plots were also similar. 

Apparatus and Field Installation. The apparatus and installation 
were exactly the same as in 1919, the thin wires being 10 ft. apart. The 
same petrol-driven dynamo supplied current for this experiment and’ 
also for the barley and wheat experiments described below. 

Current. As three installations were supplied from the same trans- 
former the current could only be controlled in one, that over the winter 
wheat being selected. The discharge given to the clover-grass thus varied 
from 0*33 milliamp. per acre to 1*3 milliamps. per acre. The discharge 
wires were kept at a voltage which varied between 20,000 and 50,000. 

Period of Discharge. Electrification was started on April 9th and 
continued until June 28th. The crop was electrified for 501 hours, the 
usual periods being 7-11 a.m. and 1-5 p.m. (g.m.t.). No second crop was 
taken from the field. 

Crop Results. 

Control I 24-0 cwt. per acre 

Control II 23-0 „ „ 

Electrified 240 „ „ 

The difference between the yield of the electrified area 
and the mean of the control areas ... + 2 % 

The results of the nitrogen determinations, which were made at the 
Rothamsted Experimental Station, are given below. The samples were 
taken on August 23rd. 

Percentage of N in dry matter (surface soil): C. I =0*16; E. =:0*16 
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The two areas C. I and E. are thus similar in respect of nitrogen 
content. 

The difference in yield in favour of the electrified area is too small 
to be significant. 

2. Experiment with Barley. This experiment with barley (Plumage 
X Archer) was carried out on Great Knott Field. The electrified and 
control areas were each of 1 acre, the control area lying about 110 yds. 
to the south-west of the electrified area. 

Apparatus. This was the same as that used for the experiments carried 
out at Rothamsted in 1919. It supplied the clover and wheat as well as 
the barley plots. 

Field Installation. This was also the same as in the experiment on 
this field with winter wheat in 1919. The wires were 10 ft. and 5 ft. apart 
respectively over the two halves, E. I and E. 11, of the electrified plot. 

Current. The discharge wires were kept at a voltage which varied 
between 20,000 and 50,000. The discharge current varied from 0*1 to 
0*3 milliamp. per acre in the early part of the experiment, being rather 
low at first owing to the small power of the dynamo. After the con- 
clusion of the clover experiment at the end of June the (uirrent varied 
‘generally from 0*8 milliamp. per acre. 

Period of Discharge. The discharge was usually given from 7 11 a.m. 
and 1-6 p.m. (g.m.t.). It was started on April 9th and continued up to 
August 17th, the total period of the discharge being 786 hours. 


Crop Results. 



Klectrified 


(’ontrol 

(Yield per acre) 

( Yield per acre) 


E. I 


G. 1 

Grain 

31-7 bushels 

(b’ain . 

2!)-5 bushels 

Straw 

17-3 cwt. 

Straw . 

lfi*0 cut. 


E. II 


C. 11 

G rain 

33*0 bushels 

Grain . 

25- 17 bushels 

Straw 

18-5 cwt. 

iStraw . 

12'5 cwt. 


Mean 


Mean 

Grain 

32*4 bushels 

Grain . 

27-3 bushels 

Straw 

17-9 cwt. 

Straw' . 

14-3 CW+. 


Difference between mean yield of electrified and control plots ; 

Grain +19% Straw +25% 

The increases in yield obtained are not very high, but they may be 
considered as definitely significant. 

3. Experiment with Winter Wheat (Yeoman). This experiment was 
carried out on the same field as that used for the clover experiment. 
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Tie four plots were each l/4th of an acre in extent and lay parallel with 
one another, the two electrified plots being contiguous, and the two 
control plots lying respectively north and south of the electrified ones 
and about 50 yards distant. 

Apparatus. This was the same as used at Rothamsted Station in 
1919; it also supplied current to the clover and barley experiments. 

Field Installation. This was of the usual type, with cables about 
7 ft. high and thin galvanised steel wires (s.w.G. 29) 10 ft. and 5 ft. 
apart respectively over the plots E. I and E. II. 

Current. The voltage (crest value) varied between 20,000 and 50,000. 
The total discharge current was usually at the rate of 0-2 and 0*4 
milliamp. per acre, but sometimes reached 0*8 in the later periods of 
the season. 

Period of Discharge. The total period during which the discharge 
was given was 727 hours, the daily periods being usually 7-11 a.m. and 
1-5 p.m. (g.m.t.). The discharge was given from April 9th to August 8th. 

The grain was sown on September 26th, cut on August 9th, and carried 
on August 21st. 

Crop Results. 



Electrified 


Control 

(Yield per acre) 

(Yield per acre) 


E.I 


C. I 

Grain 

... 18-84 bushels 

Grain . 

.. 20-4 bushels 

Straw 

19-0 cwt. 

Straw . 

.. 20-6 cwt. 


E. 11 


C. II 

Grain 

... 18-35 bushels 

Grain . 

18-24 bushels 

Straw 

19-7 cwt. 

Straw . 

17-4 cwt. 


Mean 


Mean 

Grain 

18-6 bushels 

Grain . 

.. 19-32 bushels 

Straw 

19-6 cwt. 

Straw . 

18-9 cwt. 


Difference between mean yield of electrified and control plots: 

Grain - 4 % Straw + 3 % 

The differences are not significant. It is to be noted that the yield 
of all the plots is extremely low, being less than half of a normal good 
yield. This is presumably to be ascribed to the unfavourable season. 
It is also to be noted that as the crop was winter sown and the electrifica- 
tion was not started until April the crop was not subjected to the dis- 
charge during its early stages of growth. 

Estimations of the nitrogen content of the surface soil of the various 
plots gave C. I, 0-16 per cent. ; C. II, 0*16 per cent. ; E. I, 0*16 per cent. ; 
E. II, 0'16 per cent. 
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Experiments at Harper Adams Agricultural College. 

1. Experiment with Oais. This experiment with oats (Svalof Crown) 
was carried out on the same field as the experiment of 1919, in which 
oats were also employed. The two electrified plots were contiguous, and 
each l/3rd of an acre in extent. 

Apparatus. The apparatus was exactly the same as that used in the 
similar experiment of 1919, viz., a motor-generator fitted with a Newton 
and Wright disc rectifier, and an oil-cooled transformei. 

Field Installation. This was exactly similar to that employed in 
1919, the fine wires being 10 ft. apart over plot E. I and 5 ft. apart over 
plot E. II. A screen of wire netting 8 ft. high was placed a few yards 
from the control, between it and the electrified plots. As the electrified 
plots were similarly screened by a belt of trees, such netting was not 
likely to give unfair protection to the control area. 

Current. The voltage (crest value) varied from 20,000 to 60,000. 
The discharge current was kept at about 0*7 milliamp. which, if the 
current is proportional to the closeness of the wires, should give a current 
of about 0*6 and 1*6 milliamps. per acre over the plots E. I and E. II 
respectively. 

Period of Discharge. Electrification was started on March Slst 
and continued to August 16th, the total number of hours during which 
the discharge was given beitig 793. The usual daily periods were from 
7-11 a.m. and from 3-6 or 7 p.m. (g.m.t.). 

Crop Results. 

(Yield per acre) 

Electrified Control 

Grain Straw Grain Straw 

5 . I 50 0 busheU (42 lbs.) 22*0 cwt. | ra a k » i ,.] •>< i- 

E. 11 62-5 „ „ 22-76 „ } ® 

Mean ... 61-7 „ „ 22-4 „ 

Difference between mean yield of electrified plots and control plots : 

Grain - 8*5 % Straw - 5-9 % 

The results of the nitrogen estimations of the soil, which were carried 
out at the Rothamsted Experimental Station, are given below. The 
nitrogen content is slightly higher on the control area. 

Percentage of N in dry matter 

Surface Subsoil 

C 014 005 

E. I 012 O Ofi 

E. II 013 0 06 
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In considering the significance of the result it is to be noted that 
the yield from the control area is much below normal. The Principal 
of the Harper Adams College reports that in an average year a yield 
of from 75 to 90 bushels per acre is to be expected from this variety of 
oats. Some injurious factor, probably the wet season, must have been 
at work. 

2. Experiments with Clover-Hay, This experiment was carried out on 
the same area as the oats experiment of 1919, ‘"seeds” having been 
sown with the oats. The two electrified plots were each 3/4ths of an acre, 
and the control plot half an acre, in extent. 

Apparatus and Installation, This was the same as in 1919, and the 
discharge was obtained from the same transformer as in the experiment 
with oats described above. The wires were 10 ft. apart over plot E. I 
and 5 ft. apart over plot E. II. 

Current, The current supplied was rather high, as the voltage (crest 
value 20,000 to 60,000) was regulated to control the discharge over the 
oat plots. It varied from about 1*3 to 2*6 milliamps. per acre over E. I 
and from 0*7 to 1*3 milliamps. per acre over E. II, the higher range of 
currents occurring in the later stages of growth. 

Period of Discharge, The discharge was given for 793 hours in all, 
being started on March 31st and continued to June 23rd. The daily 
periods were from 7-11 a.m. and from 3-6 or 7 p.m. (o.m.t.). 

Crop Results, 

E. I E. II C. 

Yield per acre (cwt.) ... 52*8 39 2 49-0 

Difference between mean yield of electrified areas and control area - 6 % 

The results of the nitrogen estimations of the soil, made at the 
Rothamsted Experimental Station, are as follows : 

Percentage of N in dry matter 


Surface Subsoil 

C 013 006 

E. I 012 0 05 

E. II 013 0 05 


In view of the large difference in crop yield between E. I and E. II 
the result is hardly significant. 
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General Conclusions from Field Experiments. 

A table is appended showing the results of the field experiments 
described in this paper. To this list is also added three earlier experiments 
with oats at Lincluden with which the author was associated, namely, 
the experiment of 1915 described by Mr Jorgensen (8) and that of 1916 
described by the author and Mr Jorgensen (3), and that of 1917 an 
experiment similar to that of 1916 but hitherto unpublished. In the 
four early experiments of 1915-17 the discharge current from the wires 
was not measured. 

From this list of experimental results the experiment of 1919 at 
Eothamsted with spring-sown wheat is excluded as the crop was a failure 
— the control plot yielding only eight bushels to the acre. 

The difference in yield between the electrified and control plots both 
in bushels per acre and in percentages are given. In calculating the mean 
of these differences the results for the small barley plots of 1917 at 
Eothamsted have not been included as the crop was harvested before 
maturity. 

Spring-sown Cereals. 

Difference between yield of 
electrified and control areas 





Bushels per acre 

o/ 

/o 

Lincluden 

1915 

Oats 


•f 4*8 

+ 30 

99 • • • 

1916 

99 


+ 11-2 

+ 49 

99 • • • 

1917 

99 


+ 0-7 

+ 2 

99 * • • 

1918 

99 


4- 26*7 

+ 50 

99 • • * 

1919 

99 


+ 12 8 

+ 35 

99 • • • 

1920 

99 


- 2-6 

- 6 


1920 

99 


+ 18-8 

+ 57 

Rotharastcd 

1917 

Bariev, small plots 

(+ 5-3) 

(+36) 

99 • • • 

1918 

99 


+ 4-4 

+ 10 

99 • • • 

1920 

99 > 

9 

+ 51 

+ 19 

Harper Adams College 1919 

Oats 


+ 14) 

+ 2 


„ 1920 

»» 


- 4-3 

- 9 



Mean 


+ 7-1 

. OO O ' 

^ / o 


Winter-somi Wheat. 



Rothamsted 

1919 




+ 6-0 

+ 38 

»» • • • 

1920 

— 


- 0-7 

- 4 



Clover-Hay. 




Rothamsted 

1919 

1st crop 

+ 11*7 cwt. per acre 

+ 50 

ft 

1919 

2nd „ 

+ 4-3 

99 99 

+ 34 

Harper Adams College 1920 

— 

+ 0-5 

99 

+ 2 


„ 1920 

— 

- 30 


- 0 



Mean ... 

4- 3*4 

»» »» 

+ 20 % 
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Field Experimmta in Ekctro-CvUwre 

The data show that of 18 field experiments — extending over six 
years — in which various crops were employed, 14 showed increased 
yields following electrification, while four showed decreased yields. 
Such a result is in itself sufficient to demonstrate the favourable effect 
of the electrical discharge ; for a distribution of results of this kind could 
hardly be brought about by the chance superiority of the areas chosen 
for electrification. A closer examination of the comparative yields gives 
further support to this view, for of the positive results only three show 
increases of less than 10 per cent, and nine show increases of 30 per cent, 
and over, some reaching 50 per cent, and more ; while of the four negative 
results none shows a decrease of as much as 10 per cent. The ‘‘scatter*’ 
of such results could not be the product of chance. 

If the 12 experiments with spring-sown cereals are considered alone 
10 are positive and 2 negative. Of the positive results only two are less 
than 10 per cent., while six show increases of 30 per cent, to 57 per cent. ; 
on the other hand both the negative results are quite small, being 6 per 
cent, and 9 per cent, respectively. The effect of electrification in in- 
creasing the yield of spring-sown oats and barley has thus been 
demonstrated. The mean increase obtained was 22 per cent, 

TAese resuUsy together with the record of pot-culture experiments put 
forward in the second paper of this series {^) and the laboratory studies 
published elsewhere {2) ^ provide converging evidence— from the field, from pot 
cultures, and from the laboratory — of the effectiveness of minute electric 
discharges in the stimulation of the growth of plants, 

A beneficial effect of the discharge on clover-hay is probable, while 
that on winter-sown wheat is still uncertain. 

Discussion of Results. 

When the poverty of our knowledge of the proper conditions under 
which the electric discharge should be applied is considered it is some- 
what remarkable that spring-sown cereals should have shown such a 
large mean increase as 22 per cent, with an intensity of current and a 
period of discharge which were chosen more or less arbitrarily. There can 
be little doubt that the degree of increased growth and yield depends 
on such factors as the strength of the discharge, the daily period of the 
discharge, the seasonal period of the discharge, etc. Furthermore, the 
optimum electrical conditions will no doubt vary with different crops 
and with different climatic conditions^. A study of the optimal condi- 
1 The erratic nature of some of the results is possibly due to the dependence of the 
electrical effect on certain climatic conditions which may or may not be present in a 
given season or during some critical period of a given season. 
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tions for electro-culture is therefore a complex one requiring numerous 
experiments under different conditions; for such a study pot-culture 
experiments are far more suitable than field experiments. This was early 
realised and a series of pot-culture experiments were carried out con- 
temporaneously with the field experiments. The results are embodied 
in the paper (4) which follows this. 

It is almost certain that the mean increased yield of 22 per cent, for 
spring-sown cereals described in the present paper in no way represents 
the maximum that may be obtained by the use of the electric discharge. 
As our knowledge of optimal conditions develops there is every reason 
to believe that still greater increases may be obtained. In support of 
this view one may point to the fact that pot-culture results (4) indicate that 
the stage of growth at which the discharge is given is of great importance. 

Nature of the Effex^L 

As experimental work is still in progress it does not seem profitable 
to discuss at any length the difficult question of the physiological 
action of the very minute current which the plants receive. It has been 
shown by the author (2) in a recent paper that weak electrical currents 
( 0*5 X amp.) are able to increase the rate of growth of the coleoptile 
of the barley seedling, and that this increased rate of growth continues 
for some hours after the cessation of the current. A square foot of soil 
under oats may bear 70 tillers or more, so that with a discharge current 
of 0*5 milliamp. per acre — of which only about half reaches the crop 
below the wires — the current passing through each stalk (tiller) must 
be roughly 1 x amp., which is of the same order as that found 

to stimulate the growth of the coleoptile. Such an increase in the rate 
of growth is likely to play a part in the production of the increased 3rield 
observed in field experiments and in the pot-culture experiments 
described in the succeeding paper (4). 

In addition to this effect on the rate of growth there seems to be some 
general metabolic effect, for it has frequently been observed both in 
field and pot-culture experiments that the experimental plants have a 
darker green colour than the controls. There is evidence also (4, p. 16) 
that there may be some differential effect of the discharge, the grain 
yield being increased to a greater extent than the total dry weight. 

There is no evidence that the stimulating effect of the current can 
be associated — as has sometimes been suggested — with any gaseous 
products, such as oxides of nitrogen, produced by the high tension 
discharge. There is no evidence that the soil under the wires is richer 

Joum. of Agiio. Soi. xiv 18 
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in nitrogen than that of the control experiments. In any case the 
amount of combined nitrogen produced must be small and particularly 
so in the case of the pot-culture experiments where the voltage is com- 
paratively low. Furthermore only a portion of such nitrogenous products 
would reach the soil of small experimental plots and of pot-cultures; 
the additional quantity of nitrogen thus rendered available must be 
very minute in comparison with that already present in the soil. 

A certain additional supply of energy is available to the plants 
exposed to the discharge, but it is easy to demonstrate that the increased 
yields obtained cannot be accounted for on this basis, since the extra 
energy is far too small in amount. The maximum energy supplied is only 
at the rate of 60 watts (1 milliamp. at 60,000 volts) per acre for 6 hrs. 
a day for 5 or 6 months. A crop of barley according to Putter (16) 3 delds 
about 7 X 10® calories per so that the total additional energy supplied 
is less than 0*2 per cent, of the energy actually absorbed by the plant 
from sunlight. Only a fraction of this additional energy is available 
for the plant while the increased yield is of the order of 20 per cent.^. 

Clearly the effect produced is out of all proportion to the energy 
supplied ; the physiological effect may thus be classed as a stimulation. 
The effect of the discharge is to make the plants physiologically more 
efficient, though, as has already been stated, the exact form which this 
increased efficiency takes is still obscure. 

Economic Aspects of Electro-culture. 

At the present stage of the development of the subject of electro- 
culture it is hardly profitable to discuss its economic aspects. It is unlikely 
that, for example, 22 per cent, is the limit of increase that may be 
obtained with spring-sown cereals. Pot-culture experiments now in 
progress indicate that bigger increases may be obtained with such crops 
even with a discharge period much less than that of the whole growing 
season. Any conclusions drawn at the present time as to the economics 
of the electro-culture of farm crops would be likely therefore to require 
considerable modification in the immediate future. 

^ Of the current discharged from the wires of the experimental installations only about 
one-half reaches the crop below; also the energy from sunlight absorbed by the crop is 
greater than that indicated above since a considerable amount of energy absorbed is lost 
again in respiration. The additional energy available as a result of electrification must be 
less than 0*1 per cent, of the radiant energy of sunlight utilised. 
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Summary. 

Four years’ additional experimental work on the application of a high 
tension discharge to the growth of field crops is described. Ten experiments 
with spring-sown oats and barley, two with winter-sown wheat, one with 
spring-sown wheat, and four with clover-hay have now been described. 

The discharge was usually given at the rate of 0*5 to 1-0 milliamp. 
per acre from thin insulated wires stretched above the crop at a height 
of about 7 ft. and charged to a voltage of 40,000 to 80,000 (crest value). 
The discharge was usually given for 6 hours a day in two periods, 
3 hours in the morning and 3 hours in the afternoon. 

If the two experiments with spring-sown oats described in previous 
papers are included and the experiment of 1919 with spring-sown wheat 
(which yielded only 8 bushels to the acre) is excluded a series of 18 results 
is available spread over a period of 6 years. Of these 18 field experiments 
with various crops, 14 gave positive results in favour of the electrified 
plots, while 4 showed negative results, i.e. decreased yields compared 
with the controls. Of the 14 positive results only 3 show increases of 
less than 10 per cent, while 9 show increases of 30 per cent, and over, 
some reaching 50 per cent, and over. Of the 4 negative none shows a 
decrease of as muph as 10 per cent. 

Of the 12 experiments with spring-sown cereals 10 were positive 
and 2 negative. Of the positive results only 2 show increases of less than 
10 per cent, while 6 show increases of 30 per cent, to 57 per cent. ; on 
the other hand both the negative results are quite small, being 6 per 
cent, and 9 per cent, respectively. 

The effect of electrification in increasing the yield of spring-grown 
oats and barley has thus been demonstrated. The mean increase in yield 
for such crops was 22 per cent. 

A beneficial effect of the discharge on clover-hay is probable while 
the effect on winter-sown wheat is still uncertain. 

Our knowledge of the proper conditions under which the discharge 
should be given is still so meagre that there is no reason to believe that 
the increased yields here described are the maximum obtainable as a 
result of electrification. 

The mode of action of the current in producing increased growth and 
yield is still obscure. In several cases the electrified field crops showed 
a deeper green tint than that of the controls, and work already published 
has shown that in the case of the coleoptile (plumule sheath) of barley 

18—2 
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minute electric currents are able to bring about an increase in the rate 
of growth. 

The effect of the discharge is of the nature of a stimulus. The additional 
energy available from the current is too small to have any direct effect 
since it is only about 1/lOOOth, or less, of the energy which the plant 
obtains from sunlight. 

There is no evidence that gaseous products of the discharge play 
any part in the stimulation of growth. The additional supply of nitrogen 
brought to the soil from oxides of nitrogen produced as a result of 
dectrification must be exceedingly small. 

These experiments have been carried out for the Electro-culture 
Committee of the Ministry of Agriculture and Fisheries with the help 
of grants from the Development Commission. 

I have to thank Sir John Russell, Director of the Rothamsted 
Experimental Station for permission to carry out field experiments at 
that Station and for many facilities for work. Similarly I have to thank 
Mr G. H. Foulkes, formerly Principal of the Harper Adams College, for 
facilities for carrying out field experiments at that College. I have also 
to thank members of the staff of both institutions for harvesting the 
field crops. I am much indebted to Miss Young of Lincluden House, 
Dumfries, for permission to carry out experiments on her land, and I 
have to thank Miss E. C. Dudgeon in particular for the very great care 
and skill with which she has supervised for a number of years these 
experiments at Lincluden. To Professor G. W. 0. Howe, of the University 
of Glasgow, I am indebted for advice on many electrical matters, and 
particularly on the employment of modern apparatus for the production 
of a high tension discharge. 
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POT-CULTURE EXPERIMENTS WITH 
AN ELECTRIC DISCHARGE^. 


By V. H. BLACKMAN and A. T. LEGQ. 

Department of Plant Physiology and Pathology y Imperial College of Science 
and Technologyy London, 

(With Plate II.) 

In the previous paper (this Journal, p. 240) which deals with the results 
of four years’ field experiments in electro-culture, it has been demon- 
strated that with certain crops an increased yield can be obtained by 
means of the overhead electric discharge. The increased yields, however, 
though very definite were obtained under electrical conditions which 
were arbitrarily chosen and were almost certainly far removed from 
optimal. The necessity of studying the effect of the variation of such 
conditions was early recognised, but owing to the large probable error of 
field experiments (especially in cases where they cannot be arranged 
on the chequer-board system) each experiment, if a definite result is 
to be obtained, must be carried out for a number of years without any 
serious variation of the conditions. As in the present investigation there 
are a very large number of factors requiring study (such as strength 
of the discharge, duration of the discharge, daily period of the discharge, 
seasonal period of the discharge, variation of such conditions with 
different crops, etc.) it is clear that very long periods of time or very 
numerous annual experiments would be required to settle by field 
experiments the most appropriate conditions for different plants. In 
pot-culture experiments however, where the probable error can be 
reduced to 2 or 3 per cent, or even lower, significant results can be 
obtained in a single year, and a series of experiments under varying 
conditions can be carried out at the same time. 

As the results of these considerations pot-culture experiments, running 
concurrently with the field experiments, have been carried out at the 

1 A brief statement of some of the results of this work appeared in the Jcmrnal of the 
Ministry of AgricuUwre, 39, pp. 295-6, 1922. The results have also been embodied in the 
annual reports of the Electro-Culture Committee to the Ministry of Agriculture and 
Fisheries. 
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Rothamsted Experimental Station from 1918 onwards. The object of 
these experiments was in part to demonstrate, in a shorter time than 
field experiments would allow, the effect of the discharge, and in part, 
as indicated above, to study the result of varying the conditions under 
which the discharge was given. 

Experimental Technique. 

In all the experiments networks charged to a high voltage (5000- 
16,000, crest value) were suspended over the plants by insulating supports. 
The networks consisted of a rectangular framework of narrow wood 
which carried two sets of parallel wires (galvanised steel, 0*35 mm. diam.) 
(PI. II, Figs. 1 and 2) about 2 in. apart, the two sets being at right 
angles to one another. The networks could be raised or lowered, and so 
by increasing or decreasing the size of the air gap between the charged 
wires and the tops of the plants the strength of the current passing to 
them could be regulated. The pots were placed on insulating supports 
and the current passing through the plants was led off from silver plates 
or wires placed in the soil at the bottom of the pots to a microammeter 
reading to 0*01 microamp. The control pots were ‘"earthed’’ by means 
of similar plates or wires. The currents actually passing to the plants 
were liable to vary with changes in atmospheric conditions, but they were 
brought back to the required intensity at frequent intervals during the 
day. When not otherwise stated, the discharging wires were made positive. 

The discharge was given only in the day-time, and unless otherwise 
stated between the hours of 8 a.m. and 6 p.m. and for about 3 hrs. in 
the morning and 3 hrs. in the afternoon ; it was usually stopped on the 
occurrence of rain. All the times given are Greenwich Mean Time. 

In 1918 and 1919 the large glazed pots ordinarily used in agricultural 
work were employed, but starting with Exp. XII in 1920 they were 
replaced by large flower pots (holding 27 lbs. of soil) rendered impervious 
by treatment with molten paraffin. 

The dry weights given are of the aerial parts only of the plant, 
except in the case of the single water-culture experiment (Exp. V) 
in which it is that of the whole plant. 

Experiments op the Year 1918. 

These experiments were designed to demonstrate (1) the effect of 
the discharge in accelerating growth, and (2) to obtain some information 
as to the effect of various intensities of current on the early stages of 
the growth of cereals. 
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High voltage current was obtained by the use of a mercury inter- 
rupter, an induction coil, and Lodge valves ; thus the current was uni- 
directional but not of the sine- wave type. The three intensities of current 
given in the first set of experiments were calculated from the area of 
the pots as of the order of 0*5, 5*0 and 50*0 milliamps. per acre respec- 
tively. 

Series 7, 

Experiment I, 

Wheat (White Victor, 1916) in greenhouse. Sown June 3rd, electrifica- 
tion (8 a.m. to 12 noon and 1 to 4 p.m., g.m.t.), started June 5th; 
harvested July 7th. Each series with 4 pots, each containing 13-16 
plants. 

Current per plant Av. dry wt. of 

amp. X 10“® 4 plants (grm.) Ratio of dry wts. 

Control ... — 0-73^ 0 02 100±-2-7 

E. I ... 03 0-72±0 03 99±4*3 

E. II ... 3 0 0-71 ±002 97±2-7 

The differences fall within the probable error. 

These plants were badly attacked by mildew (Erysiphe graminis) 
which was worst on E. II. 

Experiment II, 

Maize (White Horsetooth) in greenhouse. Sown June 21st ; electrifica- 
tion started June 26th; harvested August 2nd. Each series of 6 pots 
with 24-30 plants in ajl. 

Current per plant Av. wt. per plant 

.amp. X 10“* (grm ) Ratio of dry wts. 

Control ... — 1-39 -1005 100:1 3-(> 

E. 1 ... 0-5 l-43±005 103±3(i 

E. It ... 5 0 1-21+0-05 87dr3-6 

E. Ill ... 500 l-24± 0 05 89 ±3-2 

The important deduction to be made from the above table is that the 
very liigh discharge rate applied in E. II and E. Ill is definitely injurious. 
Experiment III. 

Barley (Biffen’s ‘‘Pure Line,’' P. 8, 1917) in greenhouse. Each series 
consisted of 10 pots, and each pot bore 3 plants arranged so as to reduce 
root interference to a minimum. The pots were given equal quantities 
of water, the water content being kept up to about 16 per cent. The 
experiment ran from June 22nd to July 29th, electrification being given 
for 184 hours. 

Current per plant Av. dry wt. of 

amp. X 10~® 3 plants (grm.) Ratio of dry w^ts. 

Control ... — 2-30±003 100±l-3 

E. I ... 2-3 2-26±0 05 98±2-2 

E. II ... 130 212±006 92 ±21 

E. Ill ... 120-0 1-98 ±0 06 86 ±21 
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The plants of all the four series were badly mildewed. The injurious 
effect of high intensities of current is clearly marked in E. III. 

Experiment IV, 

Barley in the open. Ekch series consisted of 9 pots, each pot having 
5 plants. The experiment ran from June 20th to July 30th and the 
discharge was given for 241 hours, an average of 6 hours a day. Owing 
to an accident the ‘‘control” and part of one of the electrified sets were 
lost. 

Current per jjlant Dry wt. of 45 

amp. X 10~® plants (grm.) Ratio of dry wts. 

E. I ... 2 (3 1(32*2 J 2*2 1(X) 1 4 

E. 11 ... 24*0 131*9d5*5 81 + 3 5 

E. Ill ... 175*0 110*5 + 4 0 68 + 2*4 

Some mildew was present on these plants. It was clearly noticeable 
that the plants most affected were those of E. Ill, the set subjected to 
the strongest current. The injurious effect of the strong current used in 
E. II and E. Ill is clearly brought out. 

Experiment V, 

Water Culture Experiment in greenhouse. Barley (Biffen’s “Pure 
Line,” P. 8, 1917); 16 plants in each series; July 5th to August 7th; 
120 hours’ electrification. 

Current per plant Dry wt. per plant 

amp. X 10~® (grm.) Ratio of dry wts. 

Control ... — 1*29 + 0*08 100 + 6*2 

E. 1 ... 2*5 0*97 + 0*03 75 + 2*3 

E. 11 ... 16*0 M7+002 90+1*5 

E. Ill ... 120*0 M2 + 0 03 87 + 2*3 

These plants were very badly attacked by mildew owing to damp 
weather conditions in July, the results are therefore untrustworthy. 

Series II. 

Since the earlier series of pot experiments had clearly shown (see 
especially Exps. II, IV and V) that higher currents were injurious, a 
new series was started in which the maximum current applied corre- 
sponded with the minimum of the first series. Owing to the lateness of 
the season only two experiments could be carried out. 

Experiment VI, 

Maize (Carter’s White Horsetooth with grains graded between 0*5 
and 0’55 grm.) was used in this experiment, which was carried out in 
the open. As before there were four series, each series consisting of ten 
pots bearing 3~6 plants each. The experiment lasted from August 19th 
to September 23rd, and the discharge was given for 136 hours. 
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Maize was selected for this and for Exps. II and VII, since the high 
temperatures of August made the growth of wheat and barley difficult. 
Maize also is immune from attack by mildew. 

The current intensities used were at the rate of 0*6, 0*26, and 0*05 
milliamp. per acre. 

Current per plant Dry wt. of 30 

amp. X 10“* plants (grm.) Ratio of dry wts. 

Control ... — 7*78 ±0-23 100 ±30 

E. I ... 0-3 812±0-23 104±2*9 

E. II ... 1-4 8-37±0-20 107±2-6 

E. Ill ... 3*8 7-41 ±0 17 95 ±2-2 

The increases here in E. I and E. II are hardly significant since they 
are only about twice the probable error. Owing to the lateness of the 
season the plants suffered from night frosts, so that a limiting factor 
was very likely at work. The weight attained is markedly less than 
that of the greenhouse plants of the next experiment. 

Experiment VII, 

This experiment with maize was similar to that of Exp. VI, but was 
carried out in the greenhouse instead of in the open ; each pot bore in 
nearly all cases three or two plants. The experiment lasted from August 
23rd to September 25th, and the discharge was given during 118 hours. 

Current per plant Dry wt. of 30 

amp. X lO""* plants (grm.) Ratio of dry wts. 

Control ... — 8-64±0-40 100 ±4-7 

E. I ... 0-3 10-84±0'28 127±3-3 

E. II ... 1-7 10-36±0-24 121 ±2-8 

E. Ill ... 3-7 10-86±0*60 127±6-8 

These results may be considered as definitely significant, since the 
increases observed are many times the probable error and they occur 
in all the electrified series. The results indicate that, in the case of maize 
at least, the discharge has an accelerating effect on the vegetative growth 
of plants under the conditions of pot-experiments. As the plants were 
only a month old the differences observed must be considered very 
marked. It is interesting to note that the weakest current seems as 
effective as the strongest. 

Conchmorts from Pot-culture Experiments of 1918. 

The experiments with maize under greenhouse conditions have shown 
that, in the early stages of growth at least, currents of 0*3 to 3*7 x 10~® 
amp. per plant have an accelerating effect on growth as shown by dry 
weight production, increases of 27 per cent, being obtained after only 
a month's growth. It has further been shown, as was to be expected. 
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that with higher current the stimulating effect passes over into one of 
retardation, currents of the order of 1 x 10~® amp. anS higher being 
injurious. 

Experiments op the Year 1919. 


The experiments of 1918 were designed to test the upper limits of 
useful discharge, i.c. the maximum current intensities which could be 
used without injury to the plant. The experiments of the season of 1919 
were designed to confirm those of the year before and to obtain evidence 
as to the effect of much weaker currents. In 1918 the current intensity 
of about 0*3 X 10“^® amp. per plant was used and also currents of 10 
times and 50 times this intensity. In 1919, taking 3-0 x 10^® amp. as 
the unit, currents of 1/lOth and l/50th of this were also given. The 
discharge was usually given from 7-10 a.m. and 3-6 p.m. The plants were 
grown in the usual glazed pots to the soil of which 10 per cent, sand was 
added and also a dressing of 1 per cent, chalk, 0*1 per cent, nitrate of 
soda, 0*1 superphosphate, and 0*05 per cent, potassium sulphate. 

Experiment Vlll. 

Maize (Sutton’s Giant Horsetooth) grown in greenhouse. The seeds 
were graded between 0*40 and 0*45 grm. ; sown June 14th ; electrification 
started June 22nd; total hours of discharge 206; harvested August 1st. 
The control series and E. I each consisted of 9 glazed pots, E. II of 
28 pots ; each pot had 3 plants. 


Current per plant 
amp. X 10^ 

Control I ... — 

Control II . . . — 

E. I ... 3 0 

E. II ... 012 


Diy wt. per pot 

(grm.) Ratio of dry wts. 

5*62 ± 0-14 1 1004-2-3 

5-67 ±0-12 j 

r>-70d^l5 100±2-6 

0-81 ±0-09 120 ±1-6 


The 20 per cent, difference shown by E. II is definitely significant 
since it is over seven times the probable error of the difference. It con- 
firms the 27 per cent, increase obtained in 1918 with maize under 
greenhouse conditions. In that year the plants given a current of 
3 X 10""® amp. per plant also gave an increase. 

The nitrate in the soil of the pots was determined at the end of 

the experiment with the following result : 

C. I ... 63-50 pts. per million 

C. n... 52-97 „ 

E. I ... 64-08 „ 

E. II... 43-83 „ 

The increased yield in E. II was not associated with an extra supply 
of nitrates in the soil. 
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Experiment IX, 

Maize in flie greenhouse. This experiment was a repetition of 
Exp. VIII above. The control and electrified sets each consisted of 
28 pots ; each pot had 3 plants ; no manure was given. Planted August 
26th; discharge started September 5th; harvested September 29th; 
hours of discharge, 134. 



Current per plant 
amp. X 10“* 

Dry wt. per pot 
(grm.) 

Ratio 

Control . 

.. — 

2*32 ±0055 

100±2-4 

E 

012 

2-52 ±0038 

109 ±1-6 


The plants were only growing for a month, so that a large difference 
could hardly be expected. The difference is between three and four times 
the probable error and may be taken as significant. 

Experiment X. 

Maize in the open. Control, 23 pots; E. I, 12 pots; E. II, 12 pots; 
E. Ill, 56 pots; 3 plants in each pot. Grain planted 10th June, above 
ground June 17th; discharge given from June 18th to September 12th; 
total hours of discharge 359. Plants harvested September 13th. 

The plants came up very evenly, but soon after they were up a cold 
spell gave them a severe check and some were killed. 

Current per plant Dry wt. per pot 

amp. X lOr* (gmi-) Ratio 

Control ... 17-28±018 100±l-0 

E. I ... 30 16*73±0-22 97±I-3 

E. II ... 0-31 16 03±0 16 93±0-9 

E. Ill ... 006 1601±0-29 92±l-7 

The superiority of the control pots is probably to be explained by the 
presence of a wire screen between them and the electrified pots. This 
screen was arranged to guard the control plants from stray currents, but 
unfortunately it also gave a certain amount of shelter and protected 
the plants from north winds. The low yield of E. Ill is probably to be 
explained by the crowding of the 56 pots which was necessary to obtain 
the lowest possible current per plant. 

Experiment XL 

Barley (Biffen’s Archer Y. 83) in the open. Grain graded between 
0*04 and 0‘05 grm. ; sown May 22nd in large glazed pots containing 
32 lbs. of soil; 3 plants in each pot, discharge ran from June 5th to 
September 12th ; harvested September 24th. The plants received a heavy 
dressing of nitrate of soda, as a result of which they were severely attacked 
by mildew and rust, became badly lodged towards the end of August, 
and were also very late in ripening. 
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Current per plant 
amp. X 10~® 

Grain per pot 
(grm.) 

Ratio 

Total dry wt. 
per pot (grm.) 

Ratio 

Control I 



18-69 

100 

64-37 L 1-23 

100±l-9 

E.I ... 

!!! 30 

13-72 

73 

60-51 ±1-24 

94 i 1-9 

E. 11 ... 

0*33 

15-84 

85 

63-68.i:0-91 

99±l-4 

Control 11 

— 

16-89 

100 

63-93 -t 0-76 

100 4:1-2 

E. Ill ... 

!!! 006 

11-76 

70 

66-74 ±0-90 

894: 1-4 


The results are very erratic, which must be put down to the attack 
of mildew and to the effect of bad weather in causing lodging of part 
of the crop. The superiority of the controls is probably due to protection 
by the wire screen. Control II was not lodged at all and Control I less 
than the electrified sets; thus the results of Exp. XI are clearly un- 
trustworthy. 

Conclusion from Pot-cuUure Experiments of 1919. 

The results of 1919 have confirmed those of 1918, for both experi- 
ments with maize under greenhouse conditions gave a definite increase 
of dry weight as a result of stimulation by the discharge, even with a 
current as low as 1 x 10“^" amp. per plant. Experiments carried out in 
the open with Barley and Maize showed no effect from the current, but 
the conditions were not satisfactory. 

Experiments of the Year 1920. 

The pot-culture experiments of 1920 were conducted in the same way 
as those of 1919, and the discharge was given for the same periods. In 
Exp. XII the usual glazed pots were used, but for Exps. XIII and XIV 
the plants were grown in large flower pots which had been rendered 
non-porous by treatment with molten paraffin. In these pots the 
drainage hole was left at the bottom and the necessary water was sup- 
plied through a small flower pot sunk in the soil of the large pot. In 
this season’s experiments only medium and weak currents were employed, 
but the effect of alternating current was also investigated. 

In 1918 and 1919 the high tension discharge was obtained by the 
use of a mercury interrupter and an induction coil, Lodge valves being 
employed for rectification. In the experiments of 1920 the installation 
consisted of a small rotary converter (giving 70 volts a.c. with a 
frequency of 50 per sec.) and a wax-impregnated transformer ; the current 
was thus of the sine-wave type. The overhead networks supplying 
alternating current were connected directly to the transformer ; for those 
giving direct current rectification was obtained by means of Lodge 
valves. The alternating currents employed were too small to be measured, 
but the networks supplying these were kept at the same heights as those 
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supplying direct current. The voltage employed was from 4,000 to 
16,000 (crest value), varying with the growth of the plants and with 
weather conditions. 

The plants themselves were able to bring about some slight rectifica- 
tion, for a moving coil ammeter in the alternating current circuit showed 
a just observable deflection when the networks were a little lower than 
those over plants which were receiving weak, direct current. 

Experiment XII. 

Maize (Sutton’s Giant Caragua) grown in greenhouse ; grain graded 
between 0-37 and 0*47 grm. ; sown May 22nd ; electrification started 
May 29th; total hours of discharge 321; harvested August 4th. The 
control set and E. I each consisted of 10 pots, and E. II of 9 pots ; each 
pot bore 3 plants. The pots held 7 lbs. of soil, and to each was added 
2 grms. superphosphate, 2 grms. sodium nitrate, and 1 grm. potassium 
sulphate. 

Chirrent per plant Dry wt. per pot 

amp. X 10“® (grni.) Ratio of dry wte. 

Control ... — 14-62i:()17 100±l-2 

E. I(D.o.) ... 012 15-66±011 108±0-8 

E. II (A.c.) ... ? 15-39d:018 106±l-2 

Both the direct and alternating current produced a definite increase 
of yield (PI. II, Fig. 3), though the effect with direct current is somewhat 
less than that obtained with maize in 1918 and 1919. 

The total nitrogen and the nitrate in the soil of these pots were 
determined with the results shown below. 

Percentage of N Nitrate 
in dry soil parts per million 

Control 0128 11-59 

E. I 0-123 7-63 

E. II 0-124 7-69 

The increased yield of the electrified crops is clearly not associated 
with an extra supply of nitrates or of nitrogen in the soil. 

Experiment XIII. 

Barley (Biffen’s ‘"Pure Line ” 47/51/) grown in the open ; grain graded 
between 0*05 and 066 grm. ; sown in large pots containing 27 lbs. soil. 
The discharge ran for 361 hours, from May 12th to July 26th ; harvested 
July 27th. The contrd, E. I, and E. Ill consisted each of 9 pots, B. II 
of 18 pots. Each pot had 5 plants. The fertiliser consisted of 2 grms. 
superphosphate and 0*5 grm. sodium nitrate per pot. 
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Current per plant 
amp. X lO”* 


Dry wt. per pot 

(grm.) Ratio of dry wts. 


Control ... — 

E. I (d.c.) ... 105 

E. II(D.o.) ... 006 

E. m(A.o.)... ? 


23-88±0-79 100±3-3 

23*84 ± 0-32 100±l-3 

23*28±0-33 98±1'4 

26-33 ±0-36 110 ±1-3 


The direct current has produced no effect, but the alternating current 
shows an increase which is several times the probable error and is 
probably significant. 


Experiment XIV, 

Wheat (Little Joss) in the open; grain graded between 0*055 and 
0*065 grm. ; sown May 5th in large pots containing 27 lbs. of soil ; dis- 
charge ran for 391 hours from May 17th to August 12th; harvested 
August 13th. The control, E. I and E. Ill consisted each of 9 pots, and 
E. II of 18 pots ; each pot had 5 plants. The fertiliser consisted of 2 grms. 
superphosphate, 2 grms. sodium nitrate and 1 grm. potassium sulphate 


per pot. 

Current per plant 
amp. X 10“* 

Control ... — 

E. I (D.c.) ... 3 0 

E. II (d.c.) ... 01 

E. Ill (A.C.)... ? 


Dry wt. per pot 

(grm.) Ratio of dry wts. 


16- 22±014 100±0-8 

17- 66±0*38 105±2-3 

niliOie 102i0-9 

18- 76±0-36 112i:0-9 


The effect of the direct current is doubtful, but the alternating 
current has given an increase of yield which is nearly six times the 
probable error and is therefore significant. 

Conclusions from Pot-culture Experiments of 1920. 

The experiments of this year with maize have confirmed the result 
obtained in 1918 and 1919, that by means of direct current the yield 
in dry weight of the plant can be increased. The increase however is 
smaller than those of previous years; this difference may possibly be 
related to soil differences, that used in the experiments of 1919 being 
much richer in nitrogen. There is also the possibility that the difference 
may be due to the difference in the type of discharge employed this 
year as compared with that of previous years. 

Experiments undertaken with the discharging networks supplying 
very weak alternating current show that such a system is as effective 
or possibly more effective than one supplied with direct current, for by 
its means increases have been obtained with both barley and wheat. 
Whether, however, the effect can be ascribed to an alternating current 
passing through the plant or to the “rectified’" current which the plant 
itself causes is still uncertain. 
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Experiments of the Year 1921. 

The pot-culture experiments of 1921 were conducted in the same 
way as those of 1920. Large flower pots, which had been rendered 
impervious by treatment with molten paraffin, were used for all the 
experiments ; each pot held about 27 lbs. of soil which had been mixed 
with 10 per cent, of sand. 

The experiments of 1921 were designed: (1) to continue the tests 
made in 1 920 as to the relative effects of direct and alternating current ; 
(2) to compare the effects of an ‘‘upward” and a “downward” current 
through the plant ; (3) to obtain some idea as to the stage of the plant’s 
growth at which the discharge is most effective. The discharge networks 
supplying alternating current were kept as in 1920 at the same height 
as those supplying direct current. Owing to their very small intensity 
the actual strength of the alternating currents was not measured. 

Experiment XV. 

Barley (Goldthorpe, “Pure Line”); grain graded between 0‘06 and 
0‘05 grm. ; sown April 26th ; electrification from May 11th to June 12th ; 
total time of discharge 173 hrs. ; harvested June 13th. The current was 
increased during the discharge period by three increments from 0*028 
to 0-16 X 10~® amp. Each pot held 5 plants, and 1-0 gm, super- 
phosphate, 0*5 gm. sulphate of potash and 0*5 gm. nitrate of soda per 
plant was given. The results were as follows : 

Current i>or plant Dry wt. per plot 

amp. X 10“® (g™*) Ratio of dry wts. 

Control ... — 10-29 i- 0*12 100 ±1-2 

E. I(D.c.) ... 0-028—0 16 10-60'±0-15 t03-ti r) 

E. II (A.O,) ... ? ^l-79±0-30 115±2-9 

The plants subjected to the alternating current show an increase of 
15 per cent, which is about five times the probable error and is therefore 
significant. The increase of E. I is too small to be significant. 

Experiment XVI. 

This experiment was the same as Exp. XV except that the electrifica- 
tion was continued until July 5th, when the plants were harvested; 
total time of discharge, 274 hours. Each set consisted of 6 pots, but 
only the plants of three pots of E. I could be harvested as the others 
were damaged by corn-fly. The current was increased during the dis- 
charge period by five increments from 0*028 to 0*33 x 10~* amp. The 
results were as follows : 
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Current per plant Dry wt. per pot 

amp. X 10^ (grm. ) Ratio of dry wts 

Control ... — 31-5±0*4 100±l-3 

E. I(d.c.) ... 0028^-33 340±013 108±0-41 

E. II (a.o.) ... ? 37-2db0-62 118±2 0 

Both electrified sets show significant differences, that subjected to 
alternating current showing the greater. 

Experiment XVII, 

In this experiment the control sets and E. I and E. II were exactly 
similar to those of Exps. XV and XVI above, but electrification was 
continued until July 15th, the total time of discharge being 363 hours. 
The current was increased during the discharge period by seven incre- 
ments from 0*028 to 0*44 x 10~® amp. E. Ill and E. IV consisted of 
pots which had been treated similarly to those of E. I and E. II respec- 
tively of Exp. XV, but had since that time (June 12th) received no 
electrification, i.e. they had received the discharge only for the first 
month of their growing period. The plants were harvested on August 
11th, when they were fully ripe. 

Control II and E. V consisted of pots which were treated similarly 
to Control I and B. I respectively, but they were lightly manured, receiving 
only half the amount of potash and of superphosphate supplied to the 
other sets, and no nitrogen. The results were as follows : 



Current 
per plant 
amp. X 10“® 

Dry wt. 
j)er pot 

Ratio of 

Grain 
per pot 

Ratio of 


(grm.) 

dry wts. 

(grm.) 

grain yield 

Control I ... 

— 

46-5 ±0*8 

lOOil-7 

9-57 

100 

E. I (d.c.). Full jKiriod .. 

. 0 028--0-44 

49-2 ±0-68 

106il-5 

8-90 

93 

E:. II(A.o.). „ „ .. 

V 

530±0*70 

114 L- 1-5 

1114 

116 

E. Ill (d.o.). Ist month 

0028— 0 16 

48-5±M6 

104±2-5 

121 

126 

E. IV (A.O.) 

V 

61-9±0'86 

1124:1-8 

11-5 

120 

Control II 

. — 

21- 24: 0-57 

22- ^0-26 

100^-2-7 

4-70 

100 

E. V (d.c.). Full period 

0028— 0-44 

108±l-2 

5-70 

121 


Of the plants (E. I and E. II) subjected to the discharge during the 
whole of their period of active growth, both sets show a definite increase 
in dry weight, the effect from alternating current being the larger. The 
yields of E. Ill and E. IV show, however, that the increase in dry weight 
is of the same order when the plants are subjected to the discharge for 
the first month only of their growing season, indicating that such short 
treatment is as effective as one applied throughout the growing season. 
This deduction is supported by evidence from the yields of grain, where 
the short period of electrification seems even more effective than the 
longer; the data of grain yields are subject, however, to such a large 
experimental error (which unfortunately was not determined), that 
without confirmation they must be received with caution. 

Journ. of Agrio. Sd. xiv 


19 
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The growth of the lightly manured plants (Control II and E. V) 
has been reduced by the poor supply of mineral salts to less than half 
that of the others ; the discharge, however, has had a definitely stimulating 
effect. 

Experiment XV 111. 

This experiment with barley was designed to test the effect of the 
normal atmospheric current. Nine pots were subjected to the same 
conditions as the control plants of Exp. XVII above, but they were 
placed in a ‘‘cage” consisting of horizontal “earthed” wires, about 
2| ins. apart, fixed to four wooden supports. The wires were so thin 
(0*35 mm. diam.) that they could not appreciably modify the light 
intensity, air movement or rainfall to which the plants were subjected. 
The results were as follows : 


Dry wt per pot 

(grm.) Ratio of dry wts. 

Control ... 46*5 ±0*8 100 il‘7 

“Caged” ... 44-3±0-72 95-3±l-6 

The difference between the two yields is 4*7 per cent., the probable 
error of which is ± 2*3 ; the difference is thus too small to be definitely 
significant. It indicates, however, that the effect of the earth’s normal 
field, if favourable at all, is only slight. This experiment is being 
continued. 

Experiment XIX. 

Maize (Sutton’s Giant Horsetooth) in greenhouse; grain graded 
between 0-4 and 0-5 grm. sown May 6th, electrification started May 18th ; 
total time of discharge, 192 hours; harvested June 21st; the current 
was increased during the discharge period by two regular increments 
from 0*13 to 0*27 x 10~® amp. Each pot had five plants, and to each 
pot 5 grms. superphosphate, 5 grms. nitrate of soda and 2*5 grms. sulphate 
of potash were added. Each set consisted of 16 pots. The results were 
as follows : 


Current per plant 
amp. X 10~® 

Control ... — 

E. I(D.c.) ... 013— 0-27 

E. II(a.c.) ... ? 


Dry wt. per pot 
(grm.) 

15 0 ±0*39 
15-5 ±0-32 
14-27 i 0-34 


Ratio of dry wts. 

100 f 2-5 
99 ±2-0 
92 d: 2-2 


Both the direct current and the alternating current sets show some- 
what less yields than the controls. This is the first of the experiments 
with maize under glass which has failed to show any significant increase. 
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Experiment XX. 

Maize (Sutton’s Giant Horsetooth) in greenhouse; grains graded 
between 0-45 and 0*35 grm. ; sown June 25th; electrification started 
July 6th, total time of discharge 168 hours; harvested August 3rd. The 
current was started at 0*22 x 10^® amp., and increased about half-way 
through the experiment to 0*44 x 10~® amp. per plant. Each pot had 
three plants, with 3 grms. superphosphate, 3 grms. nitrate of soda and 
1*5 grms. sulphate of potash. In E. I the discharge network was made 
positive and in E. II negative, so that the direction of the current was 
(conventionally) downward and upward respectively. The results were 
as follows : 

Current per plant Dry wt. per pot 

amp. X 10“® (grni.) Ratio of dry wts. 

Control ... — ir)G0±()*39 100^2-3 

E. [(wires ! ) 0-22--0‘44 18-20db0*49 110±2-9 

E. TI (wires ) „ 18-95i0-40 J14±2-4 

Both the sets subjected to the discharge show an increase, but the 
difference between the effect of the positive and negative discharge is 
too small to allow of any deduction as to their relative efficiency. 

Conclusions fro^n Pot-Culture Experimeyils o/ 1921. 

Definite increases in growth were obtained in four out of five pot- 
culture experiments in 1921. The season’s work has confirmed the results 
of 1920 that discharging a network supplied with alternating current 
is usually as effective, or even more effective, than direct current. The 
results obtained also point to the fact than an upward ” current through 
the plant can increase growth in the same way as the “downward” 
current hitherto used, though further experiments are required to deter- 
mine which is the more effective. Evidence has also been obtained which 
indicates that a discharge applied for the first month only of the growing 
season may be as effective as one continued throughout the growing 
season. 

The experiment in which barley plants were removed from the action 
of the normal atmospheric current shows that the favourable effect, if 
any, of the earth’s electric field can only be slight. 

General Conclusions. 

The results of pot-culture experiments carried out with cereals during 
the years 1918-21 have shown the value of the method of experimenta- 
tion both for demonstrating the stimulating effect of an overhead electric 
discharge on the growth of plants and also for a study of the best con- 
ditions (at present almost unknown) under which the discharge should 

19—2 
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be given. In a series of experiments carried out with Maize, Wheat 
and Barley (both under glass and in the open) significant increases in 
dry weight have been obtained in a number of cases. Rejecting Exps. I, 
III, V, and XI, on the ground of attack by mildew, and Exp. IV because 
of the loss of the control set, and Exps. VI and X because of the effect 
of cold weather upon the Maize plants, and excluding also those experi- 
ments in which currents of a high and damaging intensity were used 
and there was a marked reduction of yield, there are left 28 experimental 
sets. Of these 28 sets 23 show an increased yield as compared with their 
respective controls, while five give a negative result^. Of these 23 positive 
results 14 exhibit differences which are at least three times the probable 
error, and in 11 these differences are at least four times the probable 
error. Of the 11 sets of Maize plants grown under glass 7 showed increased 
pelds, in 6 of these the difference being at least three times and in 4 at 
least four times the probable error. The largest percentage increase in 
dry weight was 27 ± 6*7, which was shown by Maize plants under glass 
and little more than a month old (Exp. VII) ; with Barley the largest 
dry- weight increase was 18 ± 2*4 per cent. The average increase of yield 
was 11*4 per cent., but as the plants grown were of various kinds and 
various ages this number has not much significance. 

Increased growth was obtained both wdth direct and alternating 
discharge, the second beii^g apparently as effective, or possibly even more 
effective, than the direct current. As however the plants are able to 
bring about some rectification of the current it is not certain that the 
stimulating effect observed was actually due to such currents. Owing to 
their low intensity the alternating currents were not measured. 

One of the most striking results of this work is the marked sensitive- 
ness of the plant to currents of very low intensity; definite increases 
of dry weight were obtained with currents as low as 1 x 10“^® amp. per 
plant (Exp. IX), and laboratory studies (2) have shown that plants will 
respond to currents of even lower intensity. There is at present no 
information as to the minimum current to which the plant will respond. 
It may be, however, that the minimum is of the order of the earth’s 
normal vertical current (1 x 10~^^’amp. per cm.®), for Exp. XVIII leaves 
open the view that the earth’s electric field may have a slight influence 
on the plant’s growth®. Information is also lacking as to the optimum 

^ If those rejected as a result of injury from mildew, frost, etc., arc inoludod, twenty-five 
sets out of forty-one show an increase. 

* Since many plants grow satisfactorily in greenhouses and in the neighbourhood of 
trees where they are screened from the earth’s field and deprived of the normal air-earth 
current the effect of this current can hardly be great. 
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intensity of current, but under the conditions employed it certainly 
appears to lie below 1 x 10-^ amp. per plant, as with currents of this 
order or a little higher decreased yields are obtained showing that the 
maximum has been passed. With currents of 0*1 microamp. a marked 
reduction of yield is obtained (Exps. II-V). The optimum and maximum 
and minimum currents are almost certain to vary with the type of dis- 
charge and the period during which it is employed, also with the kind of 
plant and the stage of growth of the plant, and with external conditions. 
The importance of the stage of growth of the plant at which electrification 
is given is well brought out in Exp. XVII where the increased dry 
weight was practically as great when the discharge was applied for the 
first month only as for an application during the whole growing season. 

The results of Exp. XX indicate that an “upward’’ current (i,e. with 
the wires negatively charged) can stimulate the growth of Maize in the 
same way as the “downward” current generally used in these experi- 
ments. The observed difference between the two types of current is, 
however, too slight to decide their relative efficiency^. 

Most of the experiments described were concerned with the increase 
of dry weight and the sets were not carried to maturity; in Exp. XVII 
however both total dry weight and grain yield were determined, though 
unfortunately the grain from each pot was not weighed separately, so 
the probable errors could not be calculated. It is noticeable however 
that in four out of the five sets the percentage increase in grain yield 
is greater than the increase in total dry weight. In the absence of any 
knowledge of the probable errors of the grain yields any conclusion can 
only be tentative, but there is some indication that the electric current 
has a differential effect, reproductive growth as measured by grain 
yield being stimulated to a greater extent than vegetative growth as 
measured by total dry weight. 

The record of field experiments put forward in the first paper (l), 
together with the results described here, and the laboratory studies 
published elsewhere (ioc. ciL), provide converging evidence, from the field, 
from pot-cultures and from the hboratory, of the effectiveness of minute 
electric discharges in stimulating the growth of plants. 

As experimental work is being continued it is not considered profitable 
in the present state of our knowledge to discuss the nature of the 
stimulation which the electric discharge effects. The laboratory studies 

^ S. Lemfltrdm, as a result o! a few imperfect experiments in which dry weights are 
given in only one case, and neither voltage, current nor experimental error was determined, 
put forward the view that the downward current is more effective than the upward one. 
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. cited above indicate that it is the weak current passing through th 
plant which is mainly or solely responsible for the increase in growth 
observed. The gross mechanical view put forward by Lemstrom that a 
positive current from the wires to the plant drives nutritive substances 
into the plant, while a negative current from the plant to the wires 
draws water and dissolved substances up the plant is of course hardly 
tenable. 

It has been pointed out in the previous paper (p. 264) that the 
additional plant material produced is out of all proportion to any 
additional energy which the plant may gain directly from the discharge ; 
the effect is accordingly to be classed as of the nature of a stimulation. 
The disproportion between cause and effect is well brought out in 
Exp. VII of this paper where 30 plants of Maize produced an additional 
dry weight of 2*3 grms. as a result of 118 hours' electrification. With 
a current of 0*3 x 10“® amp. per plant, and assuming a voltage of 16,000 
throughout (which is certainly too high a reckoning), the additional 
energy supplied is only about 15 calories and not all of this is available 
to the plant; the calorific value of the extra dry weight produced was 
however of the order of 9000 calories. Also it is noticeable that there is 
no relation between the intensity of the current and the amount of 
additional plant material produced ; higher currents do not bring about 
larger yields. 


Summary. 

Pot-culture experiments carried out during a period of four years 
with Wheat, Barley and Maize show that these plants exhibit increase 
of dry weight when subjected to minute electric currents (of an intensity 
as low as 0*1 X 10~^® amp. per plant) from wire networks charged to a 
high voltage suspended above them. Of 28 sets in which the cultural 
conditions were satisfactory 23 showed an increased yield. 

A percentage increase in dry weight of 27 ± 5-8 was shown by 
Maize plants grown under glass and little more than a month old. With 
Barley the largest percentage increase was 18 ± 2*4. 

Direct currents were mostly studied, but increased growth was 
obtained with both direct and alternating current, the alternating current 
being apparently as effective or even more effective than the direct; 
the plants themselves, however, are able to bring about a slight rectifica- 
tion of the current. 

Electrification of Barley for the first month of the growing season 
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appears to be as effective as electrification during the whole growing 
season. 

The discharging networks were usually charged positively, but a 
similar stimulating effect on dry weight production was obtained witli 
a negative charge on the network. 

Currents of the order of 1 x lO"® amp. per plant and higher are 
injurious, causing a reduction of dry weight. 

In one experiment plants screened from the normal atmospheric 
current by a series of parallel earthed” wires (0*35 mm. diameter) 
showed, by comparison with the controls, a percentage decrease of 
4*7 ± 2*3, which is hardly significant. It indicates however that though a 
favourable effect may be exerted by the normal atmospheric (air-earth) 
current, yet the effect can be but slight. 

In one experiment with Barley indications of a differential effect 
of the discharge were obtained, for the increase in grain yield brought 
about by the discharge was greater than the increase in total dry weight. 

The effect is to be classed as of the nature of a stimulation since 
the energy-value of the additional plant material produced is out of 
all proportion to the energy supplied by the electric discharge. 

These experiments with pot-cultures fall into line with those from 
the field (1) and from the laboratory (2); they leave no uncertainty as 
to the favourable action of the electric discharge. 

This investigation has been carried out for the Electro-culture Com- 
mittee of the Ministry of Agriculture and Fisheries with the aid of special 
grants from the Development Commission. 

Our cordial acknowledgments are due to Sir John Russell for 
facilities for work at the Rothamsted Experimental Station and to 
Dr F. G. Gregory for assistance in carrying out the experiments of 1917 ; 
we have also to thank Professor G. W. 0. Howe for his helpful advice 
in a number of electrical matters. 
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EXPLANATION OP PLATE H 

Fig. 1. Photograph of a portion of the pot-culture installation of 1920. The pots on their 
insulated stands and the rectangular frameworks bearing the discharge networks are 
shown. 

Fig. 2. A single experimental set of nine pots bearing Barley plants. Above is seen the 
framework of wood carrying the discharge wires which are too thin to be clearly 
visible; the mechanism by which the framework can be raised and lowered is to be 
seen. The insulated stand supports the pots, and on the right is seen the lead which 
carries to the microammeter the current passing through the pots. 

Fig. 3. Maize plants from Exp. XII. The pot in the middle is from the unelectrified 
control set; that on the right from the set receiving a direct current of 0*12 x 10^ amp. 
per plant; that on the left from the sot receiving alternating current. 


(Recewed Nmemrher 23ri, 1923.) 
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PART II {continued). 

§ X. Weekly Observations on Dry Weight, Nitrogen Content 

AND Ash Content. 

Final yield of grain and straw reflect, or are functions of, the com- 
bination of processes conveniently designated “growth.” A successful 
analysis of “growth” would afford an analysis of “yield” and it is quite 
patent that “yield” must continue to be imperfectly imderstood so long 
as growth remains unanalysed. But although the full solution of the 
“yield problem” thus rests with plant physiology, it seems within the 
bounds of possibility that comparative studies upon varieties may bring 
to light distinctive (varietal) features of “growth” which are correlated 
with distinctive (varietal) features of “yielding power.” One or more of 
these may possibly serve as an “index” of yielding power, as the touch- 
stone which is so urgently needed in plant breeding. The reliability 
of comparative studies of this kind rests fundamentally upon accuracy 

^ Part I and Part II, §§ i-vi with Appendices i, n and iv api)eared in this Journ/il, 
Vol. xm, Part 4, October, 1923, Part II, §§ vn, vm and ix with Appendit ss iii and v 
appeared in Vol. xiv, Part I, January, 1924. The paper will l>e completed in the next 
number of this Journal. In every number a complete bibliography is given but of the 
tableB only those concerned are published. 
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of “sampling.” For all the experimental attributes of freely tillering 
cereals, sampling is extremely difficult and the difficulties are most acute 
for “weight” attributes. Clearly then, a test of accuracy of sampling 
at all stages of growth is an indispensable preliminary. It was this 
consideration that determined the lines of the investigation to be recorded 
here and it is in the light of it that the results will be discussed. 

For such preliminary work, average dry weight per plant, though in 
itself of no physiological interest, is the simplest observation: accord- 
ingly it was the principal one made. 

Barley plants absorb from the soil varying amounts of ash (including 
SiOg) per unit of dry weight formed. Differences of variety and of SiOg 
and water, etc., content of the soil determine these amounts and for 
comparative purposes dry weight excluding ash is a more useful variable 
than gross dry weight. For this, among other reasons, ash content 
determinations were made as far as possible. 

In field crops of cereals an unhealthy condition commonly attributed 
to nitrogen-starvation is often in evidence and it frequently displays a 
differential incidence among varieties. Tliis fact, coupled with certain 
physiological considerations which are discussed later on, made it 
desirable to determine nitrogen content in every sample lifted for dry 
weight. 

Except for the early nitrogen and ash determinations, all observations 
were on the single-plant basis as on this basis alone can the reliability 
of small samples be tested. 


(A) Procedure, 

The plan of sowing has already been carefully described in § I. For 
dry weight, nitrogen, and ash determinations, the plants of Bed 8 were 
used (intervals = 2 inches from plant to plant and 1 foot from row to 
row). 

The weekly sample of plants was obtained by lifting one, or if neces- 
sary to give a sufficient number, two of the rows. All plants which had 
failed to satisfy the requirements of uniformity [vide § IX above, con- 
ditions (i)-(iv)] were discarded. After the numbers of leaves and tillers 
had been counted, the plants were dried and the dry weight of every 
individual plant was found. In the early stages the nitrogen content 
of the sample as a whole was determined, but, as the plants grew larger, 
nitrogen and ash determinations were made on sub-samples of 3~5 plants 
and finally it was possible to estimate both the nitrogen and the ash of 
single plants. 
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At this point consideration must be given to the method of sampling 
employed. In work of this kind several methods have been tried. Perhaps 
the most generally adopted has been the selection from the complete 
experimental population of a specified number of plants which appeared 
to the eye to be representative of the average stage of development 
obtained by the population as a whole. For plants which can be grown 
at wide intervals, this rational method is quite practicable since the 
removal of a plant does not seriously affect the environment of its neigh- 
bours. Moreover it is possible to survey the whole population plant by 
plant and so to decide what is the average stage of development and to 
select plants representative of that stage. The case is different with a 
freely tillering cereal race, for sowing at wide intervals induces very 
abundant tillering and delays flower formation and ripening, especially 
in the later-formed tillers. In the interests of plant to plant uniformity 
it is consequently necessary to limit tillering by sowing fairly closely — 
at about the intervals customary in agricultural practice. But with close 
sowing, it is impossible in an eye-survey to decide upon the average 
stage of development of the population or to select individual plants 
representative of an agreed standard. Counting the numbers of leaves 
and tillers and similar determinations, would give a good idea of average 
(modal) development of the population. If, however, this were done, and 
the weekly sample were drawn by taking ‘‘modal type” plants from 
all over the bed, for every plant so taken two more (its neighbours) 
would have to be debarred from all future samples because of the 
disturbance in their environmental conditions. As has been explained in 
§ IX above, losses due to unavoidable “non-uniformity ” were very heavy 
and it was necessary not to add to them unduly in the drawing of weekly 
samples. These considerations led to the use of the method, described 
above, of simply lifting weekly, a whole row of plants. The number of 
plants used for dry weight determinations was in no week less than ten 
and in none more than twenty. 

(B) Dry Weight. 

The weekly determinations of dry weight point to one outstanding 
conclusion. Plant to plant fluctuation is so large that weekly averages 
cannot possess a reliability compatible with their employment in analysis 
[e.g. increment rates, etc.]. Consequently no more data are published than 
are required to demonstrate the extent and nature of fluctuation. In 
Table XXXIV are given the dry weights of the plants constituting the 
P sample lifted on 26. v., a sample which is thoroughly typical. It will 
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be observed that the laiige of the distributioii exceeds twice the weight 
of the smallest plant and approximately equals the mean of the sample. 
This is not attributable to distant “outliers” at the extremes for the 
dispersion over the range is fairly even. From such a distribution, reliable 
averages are not to be expected. It is useless to attempt to illustrate 



Pig. 4. 


the fluctuation by the probable errors of the weekly means for probable 
errors of widely dispersed samples of 10-20 plants can have no significance. 

The weekly averages — ^low though their reliability must be — afford 
an interesting side light on the question of “sampling.” For this reason 
they have been given in Fig. 4. In the early stages there is a progressive 
increase in average dry weight per plant and until 1. vi. the two varieties 
(jP and A) nm closely together. From that date onward, the curves are 
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irregular and show irregular divergences from one another. On 29. vi. 
for P and on 13. vii. for a decrease in average dry weight begins. 
Similar decreases have been recorded in other investigations upon dry 
weight but their probable significance cannot be discussed for this case 
as the data lack the requisite reliability. But the apparent decrease calls 



date 


Fig. 6. 

attention to the actual distributions of single plant dry weight for the 
last few weeks. Inspection shows (the data are not published) that in 
some cases the smallest plant of one week is of greater weight than tlie 
smallest of the week following. Let it be granted, provisionally, that this 
is absurd and, to remove the absurdity, let the lowest plant of the first 
mentioned week be eliminated from the sample of that week. The process 
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may be systematically carried out all through, starting from the first 
week of observation. Correspondingly, starting from the last week, 
plants may be removed from the upper end of every sample if they are 
less than the biggest plants of the preceding week. It will be seen that 
in some cases 2, 3, or more plants may have to be removed from one or 
both extremes of a weekly range in applying this idea. Such a “correc- 
tion” of the weekly samples was systematically carried out and the 
averages of the “corrected” samples calculated. The new averages are 
plotted in Fig. 5 and it will be seen that the curves now display no break 
in direction [compare with Fig. 4]. It is quite patent, of course, that the 
“correction” tends to produce such a change as has resulted and further 
that if a decrease in dry weight does, as a fact, occur towards the end of 
the life-cycle, the “correction” must obliterate it. But despite these 
obvious objections the “correction” has a point of practical interest. The 
commonly employed method, of sampling by taking plants which appear 
to be uniform among themselves and representative of the whole popula- 
tion does, in effect, tend to do what the above described “ correction ” 
intentionally does. The only real difference is that certain plants (at the 
extremes of size) are excluded by eye-judgement whereas in the above 
“correction” they are excluded on the basis of dry weight. Broadly 
speaking the validity of this objection to the customary method is in 
inverse proportion to the accuracy with which the eye can assess the 
“average” stage of development of the whole population. It seems safe 
to assert that for the freely- tillering cereals grown at the usual close 
intervals, eye-assessment cannot be practicably accurate. 

It is to be understood that in suggesting the parallel between the 
commonly practised method of sampling and the theoretical “correction,” 
reference is strictly limited to the freely-tillering cereals. The actual 
numerical data of the more carefully conducted of the investigations 
upon plants other than these, of itself refutes the suggested parallel. 

Clearly, despite the precaution of including only such plants as have 
enjoyed specified “uniform conditions,” samples of the size employed 
in this investigation are inadequate to the requirements of reliability. 
The magnitude of plant to plant fluctuation at all stages of growth 
shows that far larger samples will be necessary. One course would be 
to draw larger samples and to employ the method of drawing (repeated 
use of modal classes) described at the end of § VIII (above). This, how- 
ever, would involve the raising of a very much bigger population of 
plants and thereby might seriously jeopardise the possibility of confining 
the growing to a uniform area of ground. Later on, reasons are set forth 
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for the belief that in work of this kind upon the freely-tillering cereals, 
the tiller and not the plant should be the unit of observation. This change, 
rather than the use of much larger samples with its consequent increase 
in area and in amount of work in weighing, etc., appears the better for 
future investigation. 

(C) Nitrogen Content and Ash Content. 

In the early weeks the plants were so small that the complete sample 
had to be used for N and ash determinations. Later on, it could be 
divided into sub-samples of 3-5 plants, then single plants were big enough 
to use, and finally it was possible to determine both the ash and N contents 
of the same plant. In what follows, the average contents per plant for 
any week are those calculated from all the plants used for analysis in 
that week whether in groups of 3-5, etc. or one by one. At all stages, 
the weekly sample was divided into the greatest practicable number of 
sub-samples in order to ascertain the extent of fluctuation. This proved 
to be considerable and it may be illustrated in the case of N by the data 
of Table XXXIV, col. 6 (for P plants lifted on 25. v.). These data are 
quite typical of the weekly N determinations as a whole. Ash deter- 
minations fluctuated rather less. 

As with dry weights, so with ash and N contents, the fluctuation 
proliibits the analytical use of weekly averages. These, nevertheless, 
merit brief notice. They are given in Fig. G and their regularity would 
suggest that they possess a fair reliability were it not for the great 
fluctuation known to be displayed by the data on which they are based. 
It is noteworthy, too, that P and A display a marked similarity through- 
out the whole period. To the extent to which the averages are reliable, 
this similarity suggests that proportionate ash and N contents are not 
likely to reflect any marked difference of habit or growth between P and 
A. It seems safe to make the general inference that for both varieties 
the contents (per cent.) of ash and N show through the weeks, gradations 
of very different forms. 

Prom the data, calculations were made of actual average weekly 
uptake of N and ash per plant. The distributions of these amounts show, 
for both varieties, violent irregularities. While this must be in large 
measure attributable to inadequacy of sampling it seems not unlikely 
that, as a fact, uptake per week is a very fluctuable quantity. Ash 
uptake is decidedly more regular than that of N but it is unwarrantable 
to deal with the data in, any but these very general terms. N uptake, 
dependent as it is on both soil moisture and, still more obscure, rate 
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of nitrification in the soil, may not unreasonably be expected to 
have an irregular weekly value despite the progressive “growth^* of 
the plant. 

The relationship between the percentage contents of N and ash 
is of some interest and since this, for single plants, in no way depends 
on “sampling,” it may safely receive a critical treatment. In Table XXXV 
are collected the data for all the single plants which, throughout the 
investigation, were analysed for both ash and N. These plants were 
all lifted on or after 1. vi. for prior to that date plants were too 
small to admit of both determinations. In the table, the plants are 
serially numbered (col. 1) and arranged in order of N content (per 
cent.), (col. 2). There are given in addition, ash per cent. (col. 3), 
number of tillers at the time of lifting (col. 4), date of lifting (col. 6) 
from which chronological age is determinable, and dry weight (col. 6). 
To ascertain the relationships subsisting among the five variables (cols. 
2-6) it is unnecessary to calculate coefficients of correlation. Preliminary 
inspection makes it clear that with so few observations (35 plants) the 
data are not suited to such calculations and, apart from that, interest 
attaches to the individual plant far more than to the statistical “mass 
effects ” of the population. It is noticeable that accompanying the steady 
rise in N per cent., there is an irregular rise in ash per cent, and an 
irregular fall in chronological age — results to be expected from the curves 
of Fig. 6. Turning to the comparison of single plants, it is immediately 
apparent that the general trends have no certain application to individuals. 
For example plants Nos. 10, 11 and 12, or 25, 26, 27 and 28 and so on 
indicate that N per cent, is not indeed even approximately an index of 
ash per cent, or dry weight in the case of individual plants. Systematically 
pursued, the comparison of single plants leads to the following con- 
clusions : 

(i) N per cent, is not regularly related to ash per cent. 

(ii) N „ „ „ chronological age. 

(iii) N » „ „ dry weight. 

(iv) As for (ii) and (iii) in regard to ash per cent. 

(v) Chronological age is not regularly related to dry weight. 

(vi) Tillering bears no regular relation to any of the other variables. 

(vii) More complex relationships, e.g. dry weight as a possible function 
of ash per cent, and N per cent, cannot be sought from so small a body 
of data. But there is little to suggest that more complex relationships 
would be found to possess any practicable regularity. 

In connection with (iii) above it must be mentioned that, in all, 
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96 plants were used for estimations of N per cent, per plant. The data 
are not published but they fully confirmed conclusion (iii) above. It 
was pointed out in § VIII (above) [Time of Flowering] that a clear 
connection was traceable between time of flowering and early develop- 
ment (on stated chronological dates). Correspondingly, a connection is 
noticeable between such early development and the dry weight at the 
time the plants were lifted. This is illustrated by cols. 2-5 of Table 
XXXIV. In the table the plants (P lifted on 25. v.) are arranged 



in order of dry weight (col. 1) and, as a general effect, the heavier plants 
are those that in early life had formed relatively the greater number of 
leaves and tillers. The complete dry-weight data illustrates this fact more 
extensively but it is not published for the reason that nothing more 
than a very general effect can be exposed by such a coarsely measured 
variable as “tillering.” [As already pointed out, any tiller, however 
small, has to be counted and thus number of tillers is a very crude index 
to the actual development.] Jt 

Joom. of Agric. Soi. xiv 
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For the purposes of a yield study it is desirable to know whether there 
is any simply determinable plant attribute which is an index of stage 
of development attained, i.e. of ‘‘physiological age.” This question has 
been faced in purely physiological investigations and, on the part of 
some, the tendency has been to regard percentage of nitrogen as the 
most reliable index. Much can obviously be urged against it but clearly, 
for non-tillering plants, it can be well supported by general arguments. 
The view does not, of course, imply any idea of proportionality but simply 
that plants having the same N per cent, may be regarded as of the safne 
physiological age. The conclusions which have been outlined [(i)-(vii)] 
above show that for the P and A populations concerned here, if N per cent, 
is to be regarded as an index of physiological age, then none of the other 
variables of Table XXXV can be so regarded. In the case of ash — part 
of which is SiOg and plays, so far as is known, no part in the metabolism 
of the plant — it may naturally be urged that there is little expectation 
of an index of degree of development. Even if this be valid, there remains 
the fact that ash per cent, bears no regular relation to either dry weight 
or chronological age. But that it should be related to one or the other 
of these variables may be argued on grounds comparable to those of the 
argument in favour of N per cent, as an index of physiological age. It 
is best to conclude, perhaps, that the physiological significance of all 
five of the variables, so far as the data of this investigation goes, is not 
apparent. 

(D) Dry Weight, Nitrogen per cent,, and Ash per cent, at Certam 
Developmental Periods. 

It has sometimes been found that one or more of the quantitative 
attributes of a plant showed a distinctive relative value at one or more 
of the commonly recognised developmental periods. For example, for 
some plants the carbon-nitrogen ratio has always a distinctive value at 
the time of “flower formation.” As recorded in § III (above) [Field 
Notes on Growth in 1921] efforts were made to determine average 
values for the whole population of the following variables and the values 
appeared to be : 

(i) Commencement of the formation of the primordia of the ear of 
the main axis. [“Commencement” here implies that, imder the low 
power of the microscope, in Figs. 4, 6 and 6, lateral spikelets were seen 
to be marked off from the growing point.] 

Date « 11. V. (A) in Figs. 4, 5 and 6. 
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(ii) Emergence of ear of main axis from leaf sheath [this occurs 
immediately prior to fertilization]. 

Date = 13. vi. (B), 

(iii) Fertilization of the florets of the main axis ear completed, and 
endosperm formation just beginning. 

Date — 22. vi. (C). 

These three dates are marked A, 5, and C respectively on the abscissa 
axes of the curves of Figs. 4, 6 and 6. From Figs. 4 and 5 it may be 
observed that over the B-C period for both varieties there is practically 
no increase in dry weight whereas increases occur both before and after 
the period. And from Fig. 6 it is noticeable that the A period coincides 
with the beginning of a very rapid fall in ash per cent. No final conclusion 
can be reached from data such as that upon which Figs. 4-6 are based 
but perhaps it is more than should be attributed to coincidence that here, 
as in other investigations, distinctive points on the distribution of a 
weight variable occur at definite periods of development. Period B — the 
appearance of the ear from the leaf-sheath wrapping — may at first seem 
scarcely to deserve to be called a developmental period, and yet it must 
be borne in mind that this stage is invariably followed by an exceedingly 
rapid growth and elongation of the top intemode of the stem. 

(E) The Results of the Foregoing Seditions mewed in Relation to the 
Phenomenon of “ Tillering^ 

Among the conclusions reached in the foregoing sections are the 
following : 

(i) In spite of special precautions, the method of sampling employed 
has failed to give reliable weekly average values. Far larger experimental 
populations and far larger samples would be required for reasonable 
reliability. 

(ii) For plants of the same chronological age, the percentage contents 
of N and ash show wide fluctuations. 

(iii) The five variables — dry weight, N per cent., ash per cent., 
chronological age, and number of tillers — appear to show no regular 
inter-relationship. 

The nature of tillering and the inconstancy of the inter-relationship 
among the tillers of a plant have been fully discussed in §§ VIII and IX 
(above). In terms of these it is not diflScult to suggest an explanation 
for the series of “negative ” conclusions which has been reached. A simple 
hypothetical case will serve to illustrate .the lines of explanation. Two 
plants each of dry weight x may have each four tillers (main axis == jTq 

20-2 
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and three side tillers = Tj, Tj ^s) distributions of dry 

weight may be : 

To To To 

Ist plant 0‘5a; 0*4a; 0‘05a: 0*06;r 

2nd „ 0-5iC 0-2a; 0-2a; O la; 

From Fig. 6, based on complete plants, it is safe to assume that for 
the individual tiller as age and dry weight advance, there is likely to 
be a falling off in ash and N per cent. An age difference of a fortnight 
may bring a considerable falling off {vide the decreases for the average 
single plant between 11. v. and 25. v. in Fig. 6). Consequently the first 
of the above hypothetical pair of plants, having 90 per cent, of its dry 
matter in the form of two chronologically “old” stems (Tq ^i) is 
likely to have considerably lower percentages of ash and N than the 
second, 50 per cent, of whose dry weight consists of relatively young and 
small tillers. On these lines and without appealing to the influences of 
soil, etc., it is possible to suggest reasons for great irregularity in the 
N per cent. : dry weight relationship (and likewise for the N per cent. : 
chronological age relationship). Further, since the changes of N per cent. : 
ash per cent, with time are of very different forms {vide Fig. 6) it is to 
be expected that the relationship of these two variables would be very 
different for the two hypothetical plants. These considerations suggest 
that the irregularities which have been recorded are inevitable with 
the freely-tillering cereals and fuller discussion of these plants adds 
to the probability of this. One or more of the side tillers usually dies 
considerably before the plant has completed its fife cycle. In the P and 
A populations this mortality had definitely commenced on 8. vi. — some 
seven weeks before harvest. As a result the single plant — a colony of 
units (tillers) — becomes reduced in number of units and the reduction 
superimposes an effect upon the progressive increase in dry weight of 
the surviving units. 

It is very clear then, that in addition to the difficulties which beset 
investigations with non-tillering plants on the single plant basis, there 
are, with the freely-tillering cereal races, other special and formidable 
difficulties. The importance of studying the physiological inter-relation- 
ships of the tillers of a single plant has already been urged (§ IX above). 
To treat the tiller rather than the plant as a unit of observation seems to 
hold more promise than a mere increase in the size of the experimental 
sample and the more so that such an increase both multiplies labour and 
tends of itself to induce fluctuation. 

Special and considerable difficulties owing to the characteristic 
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‘tillering” were to be anticipated. They were anticipated; but that 
alone afforded no assistance in the formulation of a theory of “ yielding 
power.” Definite knowledge was required and this part of the investiga- 
tion was undertaken with no other expectation than that of acquiring 
a knowledge of the causes, extent and nature, of inter-plant fluctuation. 


§ XI. Some Metrical Attributes of Single Plants 
AND OF Populations. 

The work to which this paragraph relates was intended to afford 
information upon the following matters: 

{a) Plant to plant fluctuation under growth conditions calculated 
to give regularity. 

(b) The relationships of yield of grain and straw per plant to other 
metrical attributes of the plant. 

(c) The ‘‘migration coefficient” (see below). 

(d) The comparative growth of plants at two different spacings. 

(e) A comparison of P and A in regard to (a)-(c?). 

Data were obtained from the plants of Bed 6 (4-inch spacing) and 
Bed 7 (2-inch spacing) particulars of whose arrangement have been 
already recorded in § I above. Plants which had not satisfied the con- 
ditions of uniformity [Nos. (i), (ii), (iii), (iv) and (viii) of § IX above] 
were excluded from observation as were those which, at harvest, had 
less than three ears. This latter step — the exclusion of 1-ear and 2-ear 
plants — was dictated by limitations of time. Harvesting was a lengthy 
operation and it was, of course, essential to complete it as rapidly as 
possible. A preliminary count showed that for all four populations (two 
varieties each at two spacings) the “modal” class was at or above the 
3-ear plant class and it was for this reason that, in reducing the material 
to be handled, the l-ear and 2-ear plants were rejected. This artificial 
limitation of the population prescribes the use to which the data can be 
put and must be borne in mind in the considerations which follow. 

At harvest every plant was uprooted, the root freed from earth, then 
the whole tied up in a stout paper wrapping, and labelled. Great care 
was necessary to avoid shedding of grain and breakage of the very fragile 
leaves and awns. Harvesting was carried out on 28. vii., 29. vii. and 
30. vii., the work proving too much for a single day. The plants were 
stored in the laboratory on lattice shelves well above ground level so 
that, as explained in § IV above, there was little likelihood of error owing 
to differential losses of water. In preparing the plants for weighing, 
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the side tillers were separated from the main stem and their bases 
carefully freed from particles of soil. The grains were removed, the awns 
cut off, the number of grains per ear counted, and then the total grains 
of the plant weighed. The rest of the plant — complete plant less grains 
and roots — was then weighed as “straw.” To maintain the standard of 
accuracy, all weighings were made to 0*001 gramme but, for the purposes 
of computation, weights correct to 0-01 gramme were actually used. For 
the plants of P Bay 7, the length of the rachis of every ear was measured 
in addition to the other determinations. 

The following symbols will be employed : 


0 =5 weight of grain ' 
^ = „ straw 

n= number of grains 


per plant. 


T— „ ears J 

m = migration coefficient -OlO-¥S 
M = arithmetic mean of a frequency distribution* 

(r= standard deviation of a frequency distribution, 
t; = coefficient of variation = 100(r/Jf. 

lower interquartile of a frequency distribution (e.e. the value below which 26 per 
cent, of the observations lie). 

Q% = upper interquartile. 

0* “Cl = interquartile range which is given instead of the numbers or curves of a 
frequency distribution to lessen expenses of publication. 

Errors given for means are standard errors,” i,e. (rf's/N (where N = number of observa- 
tions). 

The unit of weight is the gramme. 

For the frequency distributions it was necessary to^employ class intervals larger than 
the unit of measurement but the effect of this grouping upon the values of the coefficients 
of correlation was not sufficient to make it worth while to employ Sheppard’s Correction. 


A brief explanation of the “migration coefficient” may be necessary 
for the reason that so much of the work which relates to it is unpublished. 
It was introduced by Dr E. S. Beaven of Warminster who explained it 
at the 1914 Meeting of the British Association and, on a subsequent 
occasion [Beaven (40)] more fully dealt with its use. He foimd that (toe. 
cit, p. 116): “the migration coefficient for any particular race in any 
particular season and on any particular soil (which are the only conditions 
under which we can compare different races) can be calculated by weighing 
up the entire ripe stems and the entire ripe ears of about 2000 individual 
plants within a probable error less than 0-2 per cent.” The coefficient is 
defined as “the ratio of dry matter accumulated in the seed to the total 
dry matter of the plant when fully ripe”: thus in terms of the symbols 
given above m — Oj 0 + S. This coefficient stands quite alone as an “index 
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of yielding power ” and has been continuously tested by plot experiments 
directed to the selection of heavy-yielding forms of barley from hybrid 
progenies. 

It seemed possible that the coefficient might, if harvesting and 
weighing were done with great care, prove to be of service as an “ index 
of yielding power for single plants,” i,e. the index so greatly needed in 
plant breeding for dealing with an i’g* ^ ^ ascertaining the 

limits of its application an examination of some 1913 Barley Chess Board 
Trials data was made. Nine varieties were grown and there were eighteen 
plots per variety, a plot being one yard square after “trimming” and 
containing 108 plants. The correlation of G and G/G -f S, i.e, yield and 
migration coefficient for the plots of a variety, was worked out for the 
nine varieties and the values of “v” were: 

(+ 0 - 10 ) (- 0 - 55 ) (+ 0 - 27 ) (+ 0 - 08 ) (+ 0 - 28 ) (- 0 - 18 ) (+ 0 - 22 ) (+ 0 * 38 ) (+ 0 - 26 ) 

These results were not very assuring in regard to the probable 
applicability of the coefficient to single plants of the same variety 
although they in no way militate against the claims made on behalf 
of the coefficient for its value in discriminating between different varieties 
by suitable plot trials. It is to be observed, however, that in harvesting 
the chess-board plots the care which can be bestowed in single-plant 
work is impracticable and, moreover, the whole ear (grains, rachis and 
awns) was weighed as G- It therefore seemed desirable to carry out 
careful determinations upon single plants. In 1920, as related in § I, plants 
were grown in flower-pots: but despite careful precautions the inter- 
plant fluctuation was great and only very general conclusions were reached 
concerning the migration coefficient. They harmonise with the con- 
clusions to be given in this paragraph but merit no special attention. The 
growings of Beds 6 and 7 were undertaken with a view to direct determina- 
tions of “m” for single plants grown under “uniform conditions” 
(already described) and harvested and weighed in such a way as to 
obtain as exact a rendering as possible of the “migration coefficient” 
(awns were weighed as straw, losses of leaf, grain, etc., were prevented). 

The precise statistical and biological significance of the migration 
coefficient is not, at first sight, clear. Lines of argument readily suggest 
themselves but it seemed desirable to accumulate numerical data in 
terms of which the coefficient might be interpreted and an attempt has 
been made to accomplish this. The inter-relationships of the variables 
G^ Sy Ty fly and their ratios always suggest themselves as essential in the 
formulation of a theory of “yielding power.” Their determination was 
a prime object in this investigation. 
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Expense forbids the pubKcation of the full single-plant data. The 
essential part of it and the deductions from it are contained in : 

Table XXXVI for P and A populations at 2-inch spacing (Bed 7) : 
showing the mean, coefficient of variation, quartiles, and limits of range, 
of the frequency distributions for various metrical attributes. 

Table XXXVII as for preceding table but in the case of P and A 
at 4-inch spacing (Bed 6). 

Table XXXVIII for P and A at both spacings : showing frequency 
distribution of number of ears per plant. 

Table XXXIX for P and A at both 2-inch and 4-inch spacing: 
showing the correlation of 0 and S with other metrical attributes of 
the plant. 

Table XL for P and A at 2-inch spacing (Bed 7) : showing average 
values per plant for populations of 3-tiller, etc., plants and ratios derived 
from these average values. 

Table XLI for P and A at 4-inch spacing (Bed 6): showing data 
corresponding to those of Table XL. 

Table XLII. Correlation between number of grains on the whole 
plant and number on first ear ( = w.Tq), between number on first ear 
(n,T^ and on second ( =n,T^, etc., for P and A at 2-inch spacing 
(Bed 7). 

The numerical results contained in these tables have now to be dis- 
cussed and this may be conveniently done in relation to the objects of 
investigation [(fl^)-"(e)] set forth at the head of this paragraph. 


(a) Plant to plant fluctuation under growth conditions calculated to give 

regularity. 

Both the conditions of sowing, etc., and the conditions of acceptance 
of plants for observation, have already been fully described. Prom an 
experimental point of view it is important to bear in mind the rigour 
of these conditions and the labour which their imposition entails. It 
would be exceedingly burdensome to exercise yet greater precautions 
and thus the fluctuation exhibited by these populations may, perhaps, 
be fairly regarded as the least which is to be expected xmder the conditions 
of careful field experiments with barley. 

At the outset it may be observed from the means, quartiles, etc., of 
Tables XXXVI and XXXVII that the frequency distributions of (?, S, 
and n are decidedly asymmetrical while those of the “ratios” Gjn^ etc., 
are more or less' symmetrical. The values of the coefficient of variation (v) 
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are of some interest in connection with the relative constancy of the 
attributes (?, S, and n. To display these values in simple form the letters 
G, Sy and n are set out below in the order of magnitude of their coefficients 
of variation : p — 2-inch spacing G > S >n 

A — 2-inch „ G >S >n 

P — 4-inch „ G >n > S 

A — 4-inch „ S > G >n 


Thus the order of magnitude of the coefficient of variation among 
Gy Sy and n is not constant for the four different populations. In some 
cases G and S differ but little in the value of ‘‘ t;” and the safest conclusion 
seems to be that G S >n the range of values for all three being some 
35-40 per cent. 

From Tables XXXVI and XXXVII useful information may be 
obtained as lu the size of sample necessary to limit the standard error 
of a mean value to any desired extent. For example, with the population 
of A Bed 7 (2-inch spacing), to determine the mean value of G (per 
plant) to an accuracy of 1 per cent, (of the mean itself) a sample of about 
1540 plants would be necessary: for an accuracy of 5 per cent., a sample 
of 62 plants would suffice. Similarly with the population of A Bed 6 
(4-inch spacing) the sizes of sample would be 1408 plants for 1 per cent, 
accuracy and 56 plants for 5 per cent, accuracy. It is not to the present 
purpose to examine the sizes of sample for other populations and other 
attributes but it may be noticed that a population of less than 2000 
plants — a size attainable with care in the family of a wheat or barley 
cross — suffices to give the mean per plant values to 1 per cent. This 
generalisation applies, however, only to a population grown and selected 
according to the specifications of “uniformity” already described. 

The “ratio attributes” m, G/n, and 71 / T must next be considered. 
For them the coefficient of variation (v) is much lower than for the 
absolute attributes (?, Sy and n and it is clear from Tables XXXVI and 
XXXVII that for all four populations the order of magnitude of v is : 

71 G 

^ . 


Further consideration of this fact may be postponed until the use of 
the migration coefficient is considered. 

The number of ears formed per plant is shown by the average values 
of T in Tables XXXVI and XXXVII and the frequency distributions 
of Table XXXVIII. At both spacings A is superior to P, a fact which it 
is difficult to harmonise with the slightly greater tillering of P in the 
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young stage in Bed 6 (cf. Table XII). It might be argued that although 
' (in Bed 6, 4-inch spacing) P formed more tillers than A, yet they were 
relatively less vigorous. The notes of § III (above) make clear that the 
dying-ofi of late tillers was more conspicuous in P than in A and to this 
extent the argument is supported but it cannot be regarded as proved. 
The fluctuation in number of ears formed per plant is comparatively 
small owing, it is believed, to the precautions adopted. 

Table XLII casts a somewhat different light upon inter-plant fluctua- 
tion. Despite the great range of values of G in all four populations 
(roughly from 1*5 to 10*5 grammes) there is a significant correlation of 
-h 0*6 between the number of grains borne by the whole plant and by 
Tq (the first ear). Similarly the correlations oi and n.Tj, etc., are 
considerable. It is, in effect, as if plants of all sizes (within a pure line 
population) developed according to a more or less rigid formula for inter- 
ear relationships and in consequence the size of the first ear is an approxi- 
mate index to the size (number of grains) of the whole plant. The biological 
interpretation of this is, perhaps, that the rudiments of the side tillers 
are laid down while the main stem is very small and that the primordia 
of the ears which reach maturity are all developed within a fairly sharply 
defined period. This interpretation accords with the observations upon 
ear-primordia formation given in § III above 

Each of the experimental populations may be divided into sub-popula- 
tions according to the number of ears ripened per plant. Tables XL and 
XLI show the metrical attributes of the 3-, 4-, and 5-ear sub-populations. 
In many cases the sub-populations are too small to permit of the calcula- 
tion of the standard errors of means so that any conclusions reached 
from the data have a validity limited in this respect. The mean per 
plant attributes — G, S,G S, and n given in columns 2-5 of the tables — 
increase with number of ears for all four populations. This increase 
was to be expected from general experience but the data of the tables 
are suflBiciently emphatic both to confirm the expectation and to show 
that the increase is a well-marked one. It follows that for an approximate 

^ Supplementary to these correlations are some results obtained by a class of advanced 
students working with 20,000 plants from a field crop of Archer barley. The number of 
grains per ear was counted on the modal- type plants (3 ears). It was assumed that the 
largest ear {i.e, having most grains) was the next and so on. Correlations were 
evaluated between n.Tg and n.T^, etc. To test the validity of these a population of cards 
was prepared bearing the values of the frequency cUstribution of number of grains per 
ear for all the ears of all the 3-tiller plants. The cards were drawn in threes and the highest 
treated as n. Tq and so on. Correlations were evaluated and they were all considerably less 
than those derived from the actual plant data. That is to say, the correlations derived from 
the plants were not invalidated by the assumption that the largest ear was always Tq, etc. 
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grading of plants for “size” (whether represented by 0, S, 0 S, or n) 
the basis^of number of ears per plant is a perfectly safe one within a 
pure line. A later paragraph contains a suggestion for making use of this 
fact in a modified form of small scale yield trial. 

The reliability of the values of 6r, etc. (means per plant for the sub- 
populations) is of interest. For example, taking the 4-ear population of 
A Bed 7 it will be found that the sizes of sample necessary to limit the 
standard error of the mean value of G (per plant) to a certain percentage 
of the mean itself are: 

For standard error = 1 per cent, of mean, size of sample 

— 9 

J> 9) 99 ^ 99 99 99 99 

99 99 99 99 99 99 99 

99 99 99 ^ tJ ,, ,, ,, ,, 

Thus for a given degree of accuracy in determining G (mean per 
plant value) a far smaller sample is required in dealing with a constant 
ear-number population than in dealing with the general population. 
[For A Bed 7 to give 1 per cent, accuracy for G (mean) the general 
population necessitates a sample of 1540 plants while for the 3-ear 
population 460 plants suffice.] This difference in size of sample — ^naturally 
expected — is so great that it suggests the possibility of dealing only with 
modal-plant populations in yield trials and § XII (below) is devoted to 
that possibility. 

Although it is not possible to give standard errors for all the values 
of Tables XL and XLI the following figures indicate that the differences 
of 3-ear and 4-ear plants at any rate are significant : 

3- ear plants A Bed 7 for G M = 2-92 ±0-119 

4- ear plants A Bed 7 for 6r M = 4-67 ± 0-143. 

The interpretation of the change in values of the “ratio attributes” 
(columns 6-12 of Tables XL and XLI) among the constant ear-number 
populations is difficult. One significant fact is quite apparent — none of 
the ratio attributes is constant for all the sub-populations of the same 
pure line at the same spacing. Thus as among the single plants of a pure 
line the possibility of constancy in these or any comparable “ratios” 
does not exist. An “index of yielding power” applicable to single plants 
wiU not be found, it thus seems, in the form of any simple “algebraic” 
attribute. None perhaps was to be expected but the vital need of an 
“index” in breeding work made it desirable to explore the obvious, even 
if slender, theoretical possibilities. 


= 459 plants 
114 „ 

= 50 „ 

= 18 „ 
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Some of the ratios exhibit a similarity in change of values in the 
passage from the 3-ear to the 4-ear and 6-ear populations. Thus for both 
P and A at 2-inch spacing Ofn attains a maximum for the 4-ear plants 
although at 4-inch spacing the maxima are for P at 4-ears and for A 
at 3-ears. GjT behaves similarly and, save in the case of P Bed 7 it 
always attains its maximum at the same point as Gjn, Sjn is very similar 
to G/n while S/T always attains its maximum at the same point as 
G/T, In spite of these similarities, however, no two of the ratios place 
the six sub-populations (3-ear, 4-ear, and 6-ear each at two spacings) 
in the same relative order. The attributes G, S, and w, however, all place 
the six sub-populations in the same order of merit for both the varieties. 
Thus the ratio-attributes, whatever their value on the ground of their 
smaller coefficients of variation, lack the fundamental “grading value” 
which 6r, Sy and n display. 

Finally, the values of G, S, w, Cr/w, m, and njT have been evaluated 
for every plant in all four populations, but it has not been found possible 
to represent G (for the single plant) as a function of any combination of 
the other variables with any practicable degree of reliability. In other 
words, as far as this investigation is concerned, no “index of yield” for 
the single plant has been found. 

(6) The Relationships of Yi^ld of Grain (G) and Straw (S) per plant to 
other Metrical Attributes of the Plant, 

It has already been concluded that so far as the data of this investiga- 
tion is concerned, there is no hope of representing (? as a function of 
other plant attributes in a manner which is closely accurate and which 
applies to single plants. In this section the relationships of G for a com- 
plete population are dealt with in the form of coefficients of correlation. 

For every individual plant in all four populations (two varieties each 
grown at two spacings) Gy S, n and T are known. On account of its 
limited range of fluctuation T cannot be used in correlations in a manner 
strictly comparable with the remaining attributes. From these attributes, 
m = G/G + S, G/Uy and njT have been evaluated for every plant so that 
six attributes in all are available f6r the determination of correlations. 
Other ratio-attributes, e,g. SjT might have been evaluated but it seemed 
unlikely that their employment would materially assist the investigation. 
From the six attributes, fifteen correlations could be worked out for 
every population, i.e. sixty in all, but of these only 24 are given in 
Table XXXIX. They were selected because of their practical interest. 
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The remaining 36 would, if determined, widen the knowledge of the 
relationships but not, it seemed, add to it in principle. 

Table XXXIX contains the 24 coefficients of correlation. All are 
positive and all significant in terms of their own standard errors. In all 
four populations (with the exception that for P Bed 6 m > G/n) the 
coefficients stand in the same relative order which, writing “m” for the 
correlation between G and m and so on, may be thus represented : 

n >S > nIT > Gjn > m. 

The actual values of the coefficients have a significance limited to the 
varieties, the soil and the season of the experiment; but since some of 
the values are very high and have a high probability, it seems likely that 
the correlations which they represent are fundamental. And moreover, 
the almost complete regularity of the sequence of values in four popula- 
tions, may be accepted as indicating which, in general, are likely to be 
high correlations and which low. No conclusive result could be reached 
without experiments in other years but these results are a useful guide 
for such. 

The six attributes, all correlated with G, may be used as “indexes” 
to the value of G and from this point of view their coefficients of variation 
(v) are of importance (see Table XXXVI). In all four populations Gjn 
has the lowest value of v, the values for P at 2-inch spacing being, for 
example, for the attributes in the above order: 

35-09 38-21 19-62 13-85 15-99 

Hence for a given size of sample, Gjn (mean value) is the most accurately 
determinable of the six attributes. 

To use one of the attributes for calculating 6r, the equation of the 
line of regression would have to be employed. Let Y denote the attribute 
and let g and y denote the deviations of G and Y from their means. 
Then the equation of the line of regression is 

9 = r.l\y ( 1 ). 

Further let Sg OgVl ~ so that Sg = the standard deviation of 

— r . . Now if the regression is nearly linear Sg may be regarded 

as a measure of the standard deviation of the G array, ix, of the values 
of G calculated from those of F. The suitability of any attribute as a 
means of calculating G, thus depends upon the value of Sg, ix, of 
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Vl — where r is the coefficient of correlation of G and Y, For the 
population cited in illustration above (P Bed 7) the values of Vl — r® are : 

n S njT Ojn m 

0-466 0-663 0-733 0-746 0-897 

Thus from this point of view, n is again the most suitable variable to 
use and m the least. 

The use of the regression equation may be briefly illustrated by two 
cases for which the regression equations are transposed from the form 
of equation (1) above to contain the actual variables {G and F where 
Y now is n) instead of their deviations. The equations are : 


for P Bed 7: G^- 0-216 + 0-0479 n (2), 

for ^ Bed 7 : 6? - - 0-896 + 0-0560 n (3). 


Applying these results to the means for 3-ear plant sub-populations it 
is found that : 

for P Bed 7 : G (mean) ^ 3-220 (observed) 

= 3-214 from equation (2), 

for A Bed 7 : G (mean) = 2-92 (observed) 

== 2-749 from equation (3). 

Thus for mean values such as these, the regression equations afford a 
fairly accurate index to in terms of n. In similar fashion G could be 
evaluated in terms of the remaining five attributes. 

For some years past correlations have figured prominently in genetic 
work. Their application may take two forms first as between mean values 
for different pure lines and next as between values for a population of 
plants of the same pure line. The work of Collins (4i) on maize illustrates 
the employment of the first application in order to render distinctions 
between separate pure lines more certain. Beaven(40) has afforded the 
outstanding example of the use of the correlation method for selection 
for “yield in barley (he finds G and m correlated as among separate 
pure lines). The second application — as among plants of the same pure 
line — ^is the one employed in the investigation dealt with here and it 
has a somewhat different scope from the first. In theory it may serve 
three purposes, viz. : 

(i) To “characterise” pure lines. Thus the correlation between two 
attributes may, in all circumstances, be higher in one variety than in 
another. In Table XXXIX the G : m correlation is higher for P than 
for A at both spacings. Further test might prove that this difference 
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held good generally between P and A. Pure lines such as the P and A 
of this investigation need no correlations to differentiate them but 
possibly ^ome of the morphologically similar cereal forms might thus 
be separated. 

(ii) To calculate the values of an economically important attribute 
(e.g, G) from some other attributes whose values are observable with 
greater accuracy and facility. 

(iii) To afford information upon biological attributes. 

Upon (i) the available data allow nothing more to be said and the 
amplification of (ii) and (iii) may conveniently be carried out by a dis- 
cussion of the correlations of G with the six variables n, S, ... seriatim. 

The correlation of G with n — i.e. yield of grain per plant and number 
of grains per plant — being the highest of the series, may be considered 
first. It has been shown by a simple example how G can be calculated 
from n: the next consideration that arises is whether this calculation 
possesses any practical value. This, indeed, is a question that is very 
pertinent to all such cases of correlation. The coefficient of variation 
of n is just about the same as that of G and G can be determined by 
weighing. Nevertheless, the use of n possesses certain advantages. In 
single plant work it is a much simpler and shorter operation to count 
n than to determine G by weighing, for the grain must be separated out 
before it can be weighed. And again, the accuracy of G is greatly at the 
mercy of fluctuations in water content. Apart from these considerations, 
any circumstance, such as loss of grains by shedding at harvest, disturbs 
the value of G just as much as that of n. It seems, then, that for yield 
investigations upon plants of the same pure line, the use of n as an index 
to G may have a considerable value. The high correlation of G and n 
for single plants indicates that as between separate plots of the same 
pure line, the yield of grain {i.e. value of G) per unit area is likely to be 
closely reflected by the value of n per unit area. Differences in the value 
of Gjn (i.e. the average weight of a single grain) may limit the closeness 
but it has been explained that Gjn has a very low coefficient of variation. 
Plant breeding and agricultural practice in which “yield per unit area” 
is commonly estimated by eye- judgment, probably in most cases illustrates 
the fact that for a unit area G and n are highly correlated. The observer 
instinctively grades as the highest in yield per unit area that plot or 
field which is most densely “covered,” i.e., upon which grains seem most 
to abound : and it is probable that the observer, particularly with barley, 
would generally do this even if the plots were of different pure lines. 
This being so, it is of interest to consider the values of Gjn in some of the 
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well-known commercial barleys. A single example — from the 1921 Report 
of the Oljnmpia Agricultural Company ( 30 ) — ^will suffice. Five different 
barleys grown at five centres display a range of 26 per cent, in 1000-com 
(dry) weight for the samples of one variety from the different centres 
and about the same range for the different varieties at any one centre. 
This is a very high range — as high as is likely to be met in most years — 
and it doubtless reflects the extreme drought of 1921. Clearly, then, as 
between different pure lines, n is not a reliable index to G unless allowance 
be made for the values of Gin, a course which is discussed in § XII 
below. 

The biological implications of a high value of are best seen by 
determining the partial correlation i-e, of G and S with n 

constant. For all populations this is low. For example, in the case of 
P Bed 7 its value is 0-198. From this it follows that G cannot be high 
for a plant unless n is high, however high the value of S. Now a high value 
of S would involve, among other things, a great photosynthetic area. 
Of other circumstances affecting photosynthesis nothing can be said 
but it seems reasonable to conclude that a great photosynthetic area 
will imply a potentially great amount of carbohydrate-formation. This, 
however, will not result in a high value of G for the plant if n be low 
(asr(;^ 5 („) shows). In other words, the capacity for storage — the number 
of developing endosperms — as well as the capacity for manufacture of 
carbohydrate, seems to be an important attribute in governing “yield 
of grain.” There is suggestive experimental confirmation for this con- 
clusion. In 1920 and 1921, the alternate spikelets of one or more ears 
of certain plants were removed as soon as fertilization had taken place. 
The spikelets which remained developed grain of average size and ex- 
hibited no increase from what might at first be regarded as the greater 
opportunity of acquiring carbohydrate from the food flow. As a result 
the yield per plant suffered in proportion to the number of spikelets 
removed, i.e,, the number of storage units placed out of action. A crude 
mechanical analogy may, indeed, be drawn between the developing 
endosperms of the barley plant and the porters unloading trains in 
a goods yard. There is a limit to the per head per unit time work 
accomplished by the porters and, whatever the quantity of goods 
available, the actual quantity accumulated in the yard will be very 
dependent upon the number of porters working. Comparative observa- 
tions on various cereal forms afford further suggestive evidence. Thus 
in the commercial English wheats Rivet, the heaviest yielder, has a 
small leaf area compared with Red King the yield of which is relatively 
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low: but, of course, concerning the qualitative differences of leaf tissue, 
etc., nothing is known. Rivet is certainly superior in “w.” 

Nothing very decisive can be said concerning the remaining correla- 
tions. That between 6 and Gjn is high and Gjn has a low value of v. 
This suggests that the correlation might have uses comparable with 
those of G and m as among varieties but it is impossible to project con- 
clusions derived from single-plant pure-line populations into an array 
of separate pure-line means. 

The considerable value of r for G and njT in all four populations, 
i.e. between yield of grain per plant and average number of grains per 
ear of the plant, calls attention to a point of some interest. It may be 
seen from Table XXXIX that G is highly correlated with Gjn (average 
weight of a single grain), n (number of grains per plant), S (weight of 
straw per plant), and njT (average number of grains per ear) : and further, 
S and n are highly correlated. It follows from this that 6r, Gjn, n, S, 
and njT all reflect, in their values, the “success"’ with which the plant 
has grown and matured. Thus they all afford a means of comparing the 
growth of a well-known standard form in different localities or in different 
years. In the testing of new forms a standard must always be employed 
and attributes which afford check indications of the growth of a standard 
are very valuable. Interest naturally centres on G but fluctuation in 
water content, high coefficient of variation, loss by birds or by shedding, 
make G an attribute upon which a form of check is most necessary. 

In the case of P Bed 7, the total length of the rachises of every plant 
was measured [it is denoted in Table XXXIX by 2 rachis] and it proves 
to be highly correlated with G and S and to possess a variability less than 
those of both G and S, These facts suggest that it might conveniently, in 
some investigations, serve as a substitute for S since it is much more ac- 
curately determinable. The S : n correlation illustrates what was observed 
from the young plants — that the ear primordia are laid down at a very 
early stage of development. Indeed it suggests rather more for it may 
be argued that the circumstances which control the amount of straw 
control the number of florets which are actually fertilised [some non- 
fertile florets are always found in barley at the base of the ear and as a 
cluster — the endahrchen — at the tip]. 

Reviewing these results in the light of the three purposes which 
theoretically, as explained above, may be served by the determination 
of correlations for a pure line population, it may be said that the first 
purpose — ^the discrimination of different pure lines — is but poorly served. 
Although P and A are so readily distinguished by eye, only one correla- 
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tion Tq . ^ seems to be distinctly different for the two varieties. The second 
purpose — ^the evaluation of ecoi^omic attributes from attributes more 
accurately and readily determined — ^is actually realised. G can be cal- 
culated from n, and S from n or from S rachis; and again 0 may in some 
cases be usefully determined from Gjn. The remaining possible calcula- 
tions of G have less value. For certain experimental purposes and as a 
check or correction in small scale yield trials the calculations rendered 
possible by these correlations may have a distinct value. If correlations 
of this kind could be shown to persist as among mean values for different 
pure lines they would be important indexes of yielding power and as 
such, of great value in selection. Work within the pure line paves the 
way for comparative correlation studies, indicates suitable kinds of 
attribute for investigation, and affords information upon the fluctuation 
and the necessary size of sample. Biological information — ^the third 
theoretical purpose — ^appears at first sight to have but a small place in 
the results. Certain plant attributes in both P and A are shown to be 
conjoint indicators of the degree of development attained by the mature 
plant. In addition it appears that the environment of the early stages 
in the life of the plant exercises a comparable effect upon the final 
jdeld of both grain and straw. That this would be so might be predicted 
from the fact that when the leaves are forming and the stem beginning 
to develop, the primordia of the ears are being laid down. But a mathe- 
matical confirmation of this prediction is important for it implies that 
the attributes G, S, n, etc., chosen for their experimental practicability, 
are such as to reflect fundamental biological facts, that, in other words, 
they possess a biological significance. An arbitrary character of uncertain 
biological significance is unlikely to prove of any value whatever in 
comparative work — ^the facts set forth, for example, by Kiesselbach(42) 
vouch for this — ^and the study of attributes within the pure line has 
afforded reliable guidance for inter- varietal work. 

(c) Incidental Observations on the Migration Coefficient, 

It has been explained that the coefficient is defined as m = GfG + S 
and that its use in the comparison of different pure lines is based upon 
Beaven’s experimental conclusion that among pure lines G and m (per 
unit area values) are correlated. The data available here permit of no 
inter-line comparisons but to some extent they serve to test the significance 
of as an attribute of a pure line population. 

Beaven (40, p, U6) found that a sample of 2000 plants (representing 
twenty plots each of one hundred plants) gave a value of m whose 
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probable error was 0*2 per cent. This result was obtained from ‘^plot- 
values/’ i.e. m (plot) = G (total for plot)/&’ + S (total for plot) and thus it 
cannot readily be compared with a value of m which is a mean of the 
values of m for single plants. With certain assumptions, however, the 
probable errors of the two values might be expected to be about the 
same. Actually, as the following data show, the expectation is realised: 


for P Bed 7 the p. e. of the mean value of m = 0*241 p. c. of the mean 


P „ 6 
-4 „ 6 


55 


55 


55 


55 


= 0-199 
= 0-207 
= 0-206 


55 55 


55 55 


55 


55 


The applicability of m to very small samples — ^if possible to single 
plants — ^is an important consideration. Whether m for a single plant 
could be held to characterise the field-crop capacity of the pure line is, 
of course, a matter for separate enquiry: the first question is one of 
reliability. From Tables XXXVI and XXXVII it may be seen that 
100 ajM, i,e. the per cent, standard error of m for a single plant 
is about 13 — 16. This error is far too high to admit any hope of the 
application of m in selecting single plants. As a guide to the practicable 
limits of error in selecting on the basis of small plots it may be noticed 
that the values of m for separate pure lines given by Beaven (loc, dt, 
p. 114) range from 0*452 to 0*483 — a range of some 6*5 per cent. Thus for 
inter-line selection an accuracy of not less than 1 per cent, seems necessary. 
To ensure this, the minimum size of sample is 80 plants, a size which is 
soon attained and readily handled. It must be remembered that this 
minimum applies only to plants grown and selected for observation 
with the precautions which have been described but as far as it goes 
this result is very encouraging. It is not suggested, of course, that final 
decisions upon yielding power could be reached from such small samples 
but the first elimination of low-yielding lines might, perhaps, be thus 
effected. 

That m, in comparison with Gin is both more variable and less highly 
correlated with G, has already been pointed out in section (b) above. 
Despite certain theoretical objections there seems good reason for testing 
the merits of G/n in inter-line selection. Agriculturally m is a rational 
index since, being the proportion of dry matter which is stored in the 
grain, it represents what has been called “seed forming energy.” Corre- 
spondingly, G/n represents the capacity for storage of a single grain: 
and since as has been shown G (per plant and probably per acre) depends 
on n (total number of grains) the “capacity” of the single grain is of 
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great importance. While it cannot of course be suggested that Ojn should 
displace “m’’ as an index to selection, it may reasonably be urged that 
the two should be used in conjunction. 

The next matter of interest is to see whether m is much affected by 
differences of spacing, differences which considerably influence T and G. 
From Tables XXXVI and XXXVII the following values for the four 
complete populations are obtained : 

P Bed 7 (2-moh spacing) (7=5*67 : w =0*431 

jP „ 6 (4-inch spacing) 0=4-25 : m =0*414 

Difference 1*42 0*017 

A Bed 7 (2-inch spacing) (7=5*12 : w =0*437 

.4 „ 6 (4-moh spacing) G^=4*36 : m =0*423 

Difference 0*76 0*014 

Clearly the proportional difference between means of populations in 
the case both of P and of A is far less for m than for G. To this extent, 
therefore, m “characterises” a pure line more accurately than does G 
since it is more constant for different spacings. The value of this greater 
constancy in plot trials is readily apparent. Germination failures, losses 
by wire-worm, etc., may seriously deplete the population of a plot. Thus 
there remain fewer plants at greater average spacing and in these cir- 
cumstances, as is shown by the figures given above, the proportional 
change produced in m will be less than that produced in G. In such a 
case, therefore, m clearly has advantages which G lacks. 

From the figures above it will be seen that for both P and A, m has 
a higher value for the 2-inch spacing than for the 4-inch. The most obvious 
difference between the two spacings is in average number of tillers per 
plant and consequently it is necessary to examine the relationship 
between this variable and m. Tables XL (2-inch spacing) and XLI 
(4-inch spacing) contain data for the comparison. For the 2-inch spacing 
both P and A show a maximum value of m for 3-ear plants while at 
4-inch, both show a minimum for 4-ear plants. The number of observa- 
tions is inadequate to warrant the further pursuit of these facts but by 
way of illustration of the general principle the values of m for the sub- 
populations of P Bed 7 (2-inch spacing) may be noticed. They are : 

3-ear — m = 0*427; 4-ear — m = 0*443; 6-ear — m = 0*434. 

Between the values of m for the 3-ear and 4-ear populations there is a 
difference of about 3*6 per cent, and this is considerable in relation to 
the range of values found by Beaven for different pure lines. While it 
would be imsafe to attach significance to the actual numerical values 
of the differences, it seems justifiable to conclude that the value of m 
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is dependent upon the number of ears per plant in the population. If 
this be true, then the most representative value of m would be that of 
the modal ear-type sub-population separated out from the complete 
population. To illustrate this the values of m for P may be noticed : 

2.inoh spacing complete population m= 0-431 
4 „ „ „ m =0-414 \ 

2.inch spacing modal (3-ear) plants ^^^'^^l\j)inerenoe==0’(m, 

4 ,, „ (6-ear) „ m =0-418) 

Thus by confining observation to the modal type m has attained a some- 
what greater constancy. This, however, cannot be strongly emphasised : 
it is merely suggestive. 

It is concluded that m — independently of its inter- varietal correlation 
with “yield” — has many of the properties of an “index.” Comparative 
constancy for different plant spacings, low coefl&cient of variation im- 
plying fair accuracy on small samples, fair constancy for separate sub- 
populations (of constant numbers of ears per plant) — all are properties 
which make m more amenable to observation than G. 

These observations on m are, of course, merely incidental. It must be 
remembered that the coefficient was introduced and has been used solely 
upon the plot basis and for inter-varietal comparisons. Table XXXIX 
shows that the correlation between G and m (per plant basis) is at both 
spacings higher for P than for A, How reliable such differences are and 
how prevalent among a range of different pure lines, cannot be here 
decided. It is, perhaps, a question deserving further attention for theo- 
retically it may imply that inter-pure line comparisons on the basis of 
m should be limited to such lines as have comparable values of the G: m 
correlation. That is to say, theoretically, some exceptional pure lines 
may occur in which “yield” is not as accurately reflected by m as is the 
case with cultivated pure lines in general. 

{d) The Comparative Growth of the Plants at the Two Spacings. 

In this connection “growth” implies the “end products,” the results 
of growth. Two spacings only were employed as, in the absence of data 
on the relationship of growth and spacing, it seemed desirable to attempt 
nothing more than a preliminary indicative investigation. 

Tables XXXVI and XXXVII contain the data for comparison of 
the single-plant averages for whole populations. The value of T (average 
number of ears per plant) is, for both varieties, greater at the 4-inch 
spacing than at the 2-inch. Corresponding increases are to be anticipated 
in some of the other variables. The interspacing differences are set out 
below in the form: column (1) 4-inch minus 2-inch as a percentage of 



Sl6 Investigationg on Yield in the Cerecds 

the 2-inoh value; column (2) the values of column (1) expressed in 
terms of 1000 == 16-66 per cent. 


Variable 

(1) 

(2) 

(1) 

(2) 

0 

33-41 

2133 

17-43 

1113 

S 

41-95 

2678 

22-12 

1412 

n 

31-33 

2001 

15-66 

1000 

T 

29-22 

1866 

22-88 

1461 

Qjn 

37 94 

2423 

32-89 

2100 

nJT 

2-01 

128 

-5-79 

-369 


The increases of P are, for all the variables, greater than those of A, 
Denoting the column (1) increase for every variable by the symbol for 
the variable, the order of magnitude of the increases is : 

for P: S>Gln>G>n> T>nlT 

for A : G/n > T > S > G >n > njT . 

These sequences seem to have the following qualitative inferences: 

(1) In both P and A, the increase in aS in greater than that in O, 
It is for this reason that the value of the correlation between G and m 
is different for the two spacings. 

(2) Gin, i,e, the average weight of a single grain shows the greatest 
increase in A and the second greatest in P. Of all the A increases it is 
the one which most nearly equals the corresponding increase in P. 

(3) In spite of the considerable increase in G/n which A shows, there 
is not a correspondingly great increase in G. For P, however, the G 
increase is high. The reason for this inter- varietal difference is to be found 
in the increase values of n. For P, the value is much higher than for A 
both absolutely and in relation to the other increases. That is to say the 
average P plant responds to greater spacing by a considerable increase 
in the total number of grains which it produces : the response of A is 
far smaller. Thus it seems that the P plants are the better able to exploit 
the larger area (4-inch spacing). 

(4) At both spacings T (average number of ears per plant) is greater 
for A than for P. Both varieties show a considerable increase as a result 
of greater spacing. It is not therefore in tillering and the production of 
mature ears that A falls behind P so noticeably in responding to the 
larger per plant area. 

(6) The most informative inter-spacing difference is that in n/T. 
For P it is the lowest of the increases : for .4 it is a distinct decrease. Now 
n/T represents the average number of grains per ear, t.e. the “size” of 
the ear and it has been shown [§ IX and section (6) § X — winter-ear correla- 
tions] that the successive ears of the plant display a steady decrease in 
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size. Thus the decrease of njT in A is to be interpreted as the inability 
of A compared with P to maintain the size of its later tillers. It is in 
this way that A, despite its increased tillering, is unable to produce as 
great an increase in G as that which P produces, i,e. to exploit the larger 
area as adequately as P. It may, perhaps, be inferred that P and A 
have different optimum seed rates but the available data are inadequate 
to the prosecution of this possibility. There is, however, another aspect 
of the “field behaviour’’ of the two varieties the consideration of which 
is permissible here. In every field “gaps” are produced by germination 
failures, by wire- worm, birds, etc. In the affected areas, surviving plants, 
enjoying a greater plant area than those in the rest of the field, tiller 
more freely. In this way they tend to compensate for the loss in yield 
per acre which a decrease in the total number of plants might involve. 
What may be called the “compensating power” of a variety is dependent 
upon ability to produce, when the plant area is increased, a greater 
number of tillers : it is dependent, too, upon the sizes of these additional 
tillers. The data which have been given for P and A suggest that, in the 
circumstances of this investigation, P evinced a greater “ compensating 
power” than A. In other circumstances different results might be reached 
and it is unsafe to draw any general conclusion upon the relative merits 
of P and A. It is inferred, however, that from the “yield per acre” 
point of view, “compensating power” is an important consideration and 
should receive attention in the selection of new cereal forms. Determina- 
tions of single plant values of G would have to be made at two or three 
different spacings on lines similar to those of the investigation here recorded. 

Some of the correlations of G and other variables (Table XXXIX) 
are significantly different for the two spacings. The G : m correlation 
has already been discussed from this point of view. In the case of the 
G : Gjn correlation it is to be observed that for both varieties the Gjn 
increase is considerably greater than the G increase, especially for A, 
This may explain the change in the value of the coefficient of correlation 
though the expectation might have been that the change would be greater 
for A than for P. Actually the converse is the case. Similar considerations 
apply to the G : njT correlation. Coefficients of correlation in biological 
data are notoriously difficult to interpret and these changes, produced 
by differences in spacing, emphasise the limited application which such 
statistical representations may have. 

It has been pointed out that, within a single spacing population, 
0, Sy w, Ty G/Sy and n/P, may all be regarded as measures of the vigour 
or success of growth of a single plant. In the passage from 2-inch to 
4-inch spacing these joint indexes part company. It may be noticed 
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that the change in m is only 12 per cent, for P and 8 per cent, for 4 * 
These changes are smaller than any of those in the list above except 
for njT which, however, has a negative sign for 4. 

The final stage of the inter-spacing comparison may be carried through 
by means of the data of Tables XL and XLI — the mean values per plant 
for sub-populations of 3-ear, 4-ear, and 5-ear plants. It is readily 
apparent that to predict the difference between, say, the average 3-ear 
plants at 2-inch and at 4-inch spacing, is impossible. The potential 
development of any plant is predetermined at the outset by the characters 
of the seed sown. A seed which, at 2-inch spacing became a 3-ear plant 
might, had it been sown in the 4-inch bed, have become a 3-ear plant, 
the ears being larger, or it might have become a 4-ear or 6-ear plant. 
It is to be expected, then, that some of the 3-ear plants at 4-inch 
spacing will be bigger (in 0, etc.) than some of the 3-ear plants at 2-inch 
spacing and some, similarly, will be smaller. There is no means of pre- 
dicting the values of the averages for the corresponding sub-populations 
at the two spacings. Briefly summarised, the actual results are as follows. 
In both the varieties, for 3-ear plants, the 4-inch average exceeds the 
2-inch in respect of all the variables. This again is true of the 4-ear plants 
for P but for A the 2-inch average is the greater for all the variables 
except S and Ojn in respect of which the difference is small. This may, 
perhaps, reflect the tendency of A to respond most markedly to increased 
spacing by an increase in, tillering. And P, on the contrary, may be con- 
sidered to have shown a tendency to increase n rather than T — a tendency 
which has already been inferred. The differences in the 5-ear plants are 
irregular and conflicting. With one exception (A 6-ear plants) the change 
in (? is of the same sign as that in n for the whole of the sub-populations. 

(e) A Comparison of P and A in regard to (a)-(d). 

The previous sections of this paragraph have already brought to 
notice some aspects of the comparative behaviour of the two varieties. 
Briefly, the results of comparison are: 

(1) At 2-inch spacing A is greater than P in respect of all the variables 
(Table XXXVI) except njT but it has lower coefficients of variation. 

(2) At 4-inch spacing P exceeds 4 in (?, n, w/P, and S while 4 
exceeds P in m, P, and Gjn, As in (1) 4 has lower coefficients of variation 
except in the case of S, 

(3) The 0 : m correlation is lower for 4 at both spacings. 

(4) The “compensating powers” of the two varieties appear to be 
distinctly different. This fact, explained in full in section (d) appears to 
have considerable practical importance. 
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Table XXXIV for P plants lifted on 25. v. and giving : 

Column 1 = dry weights (grammes). 

„ 2= no. of leaves (x) and tillers (y) in the form x.t/ on 21. iv. 

„ 3 = no. of tillers on 28. iv. 

»» 4— ff „ 7. V. 


— »9 »» 26. V. 

=N per cent, (of dry weight) for certain of the plants. 

1 

2 

3 

4 

6 

6 

0-8608 

3-0 

2 

3 

4 

2-26 

0-9997 

30 

1 

2 

2 

— 

1-0666 

3-0 

1 

2 

3 

2-47 

1-1374 

3-0 

1 

2 

4 

— 

1-2754 

3-0 

1 

2 

3 

— 

1-3746 

3-0 

1 

2 

2 

— 

1-4605 

3-0 

2 

2 

3 

2-41 

1-4822 

4-1 

2 

4 

4 

— 

1-4944 

42 

3 

4 

5 

1-65 

1-6597 

4-1 

2 

3 

3 



1-7293 

4-1 

3 

4 

4 

— 

1-8537 

4-1 

2 

4 

4 

— 

1-9738 

4-1 

3 

4 

6 

— 

2-0848 

4-1 

3 

6 

5 

— 

2-1132 

4-1 

3 

6 

5 

— 

2-1329 

4-1 

2 

4 

4 

2-01 

2-1384 

4-1 

3 

4 

6 

1-76 

2-2878 

4-1 

2 

4 

4 

2-23 

2-4692 

4-1 

3 

6 

5 

1-72 


Table XXXV for all the plants which were analysed for both N and 
ash content (per cent, of dry weight). 


Serial 



No. 

Date 

Dry 

no. of 


Ash 

of 

of 

weight 

plant 

N per cent. 

per cent. 

tillers 

lifting 

(grammes) 

1 

0-85 

4-35 

6 

20. vii. 

7-220 

2 

0-94 

4-65 

4 

13. vii. 

8-868 

3 

0-98 

4-45 

4 

6. vii. 

12-044 

4 

0-98 

4-68 

6 

20. vii. 

12-663 

6 

1-01 

4-37 

3 

6. vii. 

7-526 

6 

1-01 

4-62 

4 

20. vii. 

12-393 

7 

1-02 

6-05 

2 

13. vii. 

6-878 

8 

1-08 

6-10 

4 

20. vii. 

7-289 

9 

1-09 

6-63 

6 

15. vi. 

6-578 

10 

Ml 

4-46 

5 

6. vii. 

12-069 

11 

1-11 

5-28 

4 

13. vii. 

6-761 

12 

1-11 

6-62 

4 

16. vi. 

5-326 

13 

1-16 

4-77 

4 

22. vi 

6-850 

14 

1-16 

6-39 

6 

16. vi. 

4-413 

15 

1-22 

6-60 

4 

29. vi. 

8-356 

16 

1-26 

6-24 

3 

6. vii. 

7-861 

17 

1-27 

7-21 

6 

8, vi. 

3-664 

18 

1-29 

6-91 

4 

16. vi. 

6-910 

19 

1-36 

4-98 

4 

13. vii. 

8-687 

20 

1-40 

9-17 

6 

8. vi. 

3-667 

21 

1-48 

8-93 

4 

1. vi. 

2-666 

22 

1-66 

6-63 

6 

22. vi 

7-007 

23 

1-67 

6-19 

7 

29. vi 

11-646 

24 

1-60 

6-92 

7 

29. vi 

11-762 

25 

1-66 

10*77 

5 

26. V. 

1-494 

26 

1-66 

9-60 

2 

1. vi 

1*316 

27 

1-67 

6-99 

3 

29. vi 

8-484 

28 

1-69 

8-34 

2 

8. vi 

3-166 

29 

1-72 

8-22 

6 

1. vi. 

3*264 

30 

1-76 

9-61 

6 

26. V. 

2-138 

31 

1-76 

9-30 

5 

8. vi 

3-163 

32 

1-78 

6-60 

4 

22. vi 

7-660 

33 

2-00 

9-62 

7 

1. vi. 

4-028 

34 

2*01 

10-67 

4 

26. V. 

2-133 

35 

2-41 

10-97 

3 

26. V. 

1*460 
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Table XXXVI for P and A populations at 2-inoh spacing (Bed 7): 
sbowing the mean, coefficient of variation, quartiles, and limits of 
range, of the frequency distributions for various metrical attributes. 
* = ordinary type; A = italic, limits of range Number 


Attribute 

Jfi;8.e. 

V 

Qn-Qt 

r 

Upper 

lower 

oi 

plants 

0 

4-26±017 

41*43 

5-80-2-97 

10-55 

1-55 

104 


4-36±016 

39-24 

6-23-3-17 

11-65 

2-05 

116 

m 

0-431 ±0 007 

15-99 

0*48-0-39 

0-53 

0-24 

104 


om±ooo5 

13-21 

0-48-0-39 

0-64 

0-23 

116 

T 

3-73 ♦ 





— 

— 

104 


402 

— 

— 

— 

— 

116 

n 

93-26±3-21 

35-09 

108-3-72-1 

225 

35 

104 


93-81 ±2-81 

32-29 

107-2-71-2 

266 

35 

116 

QIn 

00448±0-0006 

13-85 

0-051 - 0-039 

0-060 

0-027 

104 


0-0466 ±0-0005 

12-09 

0-061 -0-042 

0-068 

0-029 

116 

nlT_ 

24-9 ±0-48 

19-62 

28-6-22-4 

33-5 

10-5 

104 


23-3±0-37 

17-12 

26-4-20-4 

31-5 

10-6 

116 

8 

5-63 ±0-21 

38-21 

6-55-3-99 

12-55 

2-55 

104 


6-74 ±0-21 

39-16 

6-74-3-93 

15-05 

3-06 

116 


♦ Full distributions for number of ears per plant are given in Table XXXVIII. 


Table XXXVII for P and A populations at 4-inch spacing (Bed 6): 
showing data corresponding to those of Table XXXVI. P = ordinary 


type; A ■ 

— italic. 



Limits of range 

No. 

Attribute 

M±s,e, 

V 

Q 2 -Q 1 

( 

upper 

^ ^ 

lower 

of 

plants 

Q 

5-67 ±0-26 

39-42 

7-05-4-15 

12-55 

1-55 

74 


5-12±0-19 

37-53 

6-59^-3-65 

11-65 

1-66 

100 

m 

0-414±0-007 

13-77 

0-46 -0-39 

0-61 

0-24 

74 


0-423 ±0-006 

13-69 

0-47-0-38 

0-63 

0-26 

100 

T 

4-82 ♦ 





— 

— 

74 


4-94 

— 

— 

— 

— 

100 

n 

122-47±6-19 

36-49 

147-11-87-11 

245 

45 

74 


108-60 ±3-90 

36-91 

136-14-77-3 

235 

46 

100 

Ojn 

0-0465 ±0-0007 

12-62 

0-050-0-043 

0-066 

0-032 

74 

0-0471 ±0-0006 

12-33 

0-050 -0-044 

0-063 

0-028 

100 

nIT 

25-4 ±0-49 

19-98 

28-6-22-7 

35-5 

10-5 

74 

22-0 ±0-39 

17-77 

24-6-19-2 

30-5 

10-5 

100 

8 

7*85 ±0-32 

34-85 

9-42-5-95 

16-05 

3-55 

74 


7-01 ±0-26 

37-68 

8-56-6-10 

14-65 

1-55 

100 


♦ Full distributions of number of ears per plant are given in Table XXXVIII. 


Table XXXVIII for P and A at both spacings : frequency distribution 

of number of ears per plant. 

Number of ears per plant 


Variety 

Spacing 

1 

2 

3 

4 

5 

6 

7 

8 

9 

P 

A 

2-mob 

2-inob 

Plants 

not 

larvested 

Plants 

not 

harvested 

53 

41 

33 

49 

13 

15 

4 

7 

3 

1 

1 

P 

A 

4-mdi 

4-bi(di 

14 

20 

19 

23 

23 

25 

10 

16 

1 

9 

6 

5 

1 

2 
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Table XXXIX for P and A at both 2-mch and 4-inch spacing: showing 
the correlations of 0 and S with other metrical attributes of the 
plant. The ‘^errors” are standard errors == 1 — 

N.B. S rachis denotes the sum of the lengths of the rachises of all the 
ears of the plant. 

P A 


Correlation (r) 

104 plants 

74 plants 

1 16 plants 

100 plants 

of 0 and 

2-inch 

4-inoh 

2-inch 

4-inch 

m 

-f 0-441 ±0-079 

+ 0-494±0‘088 

+ 0-238 ±0-088 

+ 0-255 ±0-093 

Qjn 

+ 0-667±0-064 

+ 0-354±0102 

+ 0-576 ±0-062 

+0-350±0087 

n 

+0-890 ±0-020 

+ 0-947±0*012 

+ 0-993 ±0-001 

+ 0-944 ±0-010 

n/T 

+ 0-680 ±0-053 

+ 0-575 ±0-078 

+ 0-695 ±0-048 

+ 0-628 ±0-072 

8 

+ 0-749 ±0-043 

+ 0-775 ±0-046 

+ 0-809 ±0-032 

+ 0-809 ±0-032 

2 rachis 

+ 0-818 ±0-032 

— 

— 

— 

Correlation of 8 and 




n 

+ 0-778 ±0-0.39 

+ 0 826 ±0-037 

+0-848±0026 

+ 0-845±0-029 

2 rachis 

+0*861 ±0-025 

— 

— 

— 


N.B. For 2 rachis (P Bed 7) the values are: 

27-402 ±0-8 19: i; = 30-94. 

Table XL for P and A at 2-inch spacing (Bed 7) : showing average values 
per plant for populations of 3-tiller, etc., plants and ratios derived 
from these average values. P = ordinary type ; A = italic. 

No. of 

ears Average values per plant Ratios derived from the attributes of 

per for population columns 2-5 


T 

Q 

8 

G^8 

> 

n 

' Qjn 

QIT 

Sjn 

8/T 

n/T 

Q-^SjT m 

JNO. O 
plant 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(V 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

3 

3-22 

4-31 

7-53 

71-6 

0-0450 

1-07 

0-0602 

1-44 

23-9 

2-61 

0-427 

63 


2-92 

3'9S 

690 

6'5-i 

0 0448 

0-97 

00611 

1-33 

21-7 

2-30 

0-423 

41 

4 

4-64 

5-82 

10-46 

101-2 

0-0468 

116 

0-0575 

1-46 

25-3 

2-61 

0-443 

33 


4-57 

6-04 

10 72 

9S'7 

00478 

hl7 

0-0612 

1-51 

24-7 

2-68 

0-436 

49 

5 

5-95 

7-76 

13-71 

131-6 

0-0462 

1-19 

0-0590 

1-56 

26-3 

2-74 

0-434 

13 


514 

6^84 

1V97 

112‘6 

00456 

103 

0-0607 

1-37 

22-5 

2-39 

0-429 

15 


Table XLI for P and A at 4-inch spacing (Bed 6): showing the data 
corresponding to those of Table XL. P = ordinary type; A = italic. 
No. of 

ears Average values per plant Ratios derived from the attributes of 
per for population columns 2-6 


uant 

r 


-A 


r 







> 

No. of 

T 

G 

a 

0^-8 

n 

Qjn 

QIT 

8ln 

8/T 

njT Q+SjT m 

plants 

(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

3 

3-62 

6-12 

8-74 

77-1 

0-0469 

1-21 

0-0664 

1-71 

26-7 

2-91 

0-414 

14 


3-30 

4-17 

7-47 

66-9 

0-0493 

1-10 

0-0623 

1-39 

22-3 

2-49 

0-442 

20 

4 

4-97 

7-10 

12-07 

102-2 

0-0486 

1-24 

0-0696 

1-78 

25-5 

3-02 

0-411 

19 


4-22 

6-05 

10-27 

86-5 

0-0487 

1-05 

0-0699 

1-51 

21-6 

2-57 

0-411 

23 

6 

6-48 

7-64 

13-12 

119-1 

0-0460 

1-10 

0-0641 

1-53 

23-8 

2-62 

0-418 

23 

6 

5-19 

7-14 

12-33 

109-3 

0-0475 

1-04 

0-0653 

1-43 

21-9 

2-47 

0-421 

25 

6-21 

8-56 

14-77 

131-6 

0-0472 

1-03 

0-0650 

1-43 

21-9 

2-46 

0-421 

16 
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Table XLIl for P and A at 2-inoh spacing (Bed 7) : showing correlation 
between number of grains on the whole plant and number on first 
ear (= n.T^\ between number on first ear (= n,T^ and number 
on second (==w.Ti), etc. For correlation of (w. whole plant) and 
(n.To) the whole population was used for P and for A. 

For remaining correlations the 3-ear plants were used for P and the 
4-ear for A (these were the modal-plant types for the two varieties). 


The “ errors ” are 

standard errors 

II 

1 




Value of f 

Number of plants 

A 

Correlation between 

f - 

P 

> 

A 

f 

P 

A 

n . whole plant — n . Tq 

+ 0-632 ± 0 069 

+0-632 ±0 066 

104 

116 


+0-604 ±0103 

+ 0-778 ± 0 066 

63 

49 

n . ^0— — w. . T^ 

+ 0-656 ±0-095 

+0-602 ±0 091 

63 

49 

n . TQ—~-ft . T 3 


+0-508 ±0106 


49 
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I’ART II {concluded). 


§ XII. Suggestions for a Modified Procedure in Small-scale 
Cereal Yield Trials. 

The results of a yield trial may be usefully indicative ; they can never 
be decisive. Geographical differences of soil and climate and seasonal 
fluctuations, limit the applicability of results to the locality and the 
year of the experiment. No more can be achieved than to ensure that 
the data accumulated in the prescribed circumstances have as high as 
possible a degree of statistical probability. For this, there must be 
adequate precautions against a variety of factors predisposing to error. 
These factors may be broadly classified as follows : 

(a) Soil differences within the locality, i.e. maj of -scale differences as, 
for example, between the two ends of a lO-acre field. 

(b) Soil differences within small portions of the test area, e.g. as 
between contiguous areas of 1 square ft. or even as between the areas 
occupied by neighbouring single plants. 

^ Part I and Part II, §§ i-vi, with Appendioes i, ii and iv and the approj^riate tables 
appeared in this Journal, Vol. xm. Part 4, October, 1923: Part II, vii-ix, with 
Appendices ni and v and tables in Vol. xrv. Part 1, January, 1924: Part II, §§ x and xi, 
with tables, in Vol. xiv. Part 2, April, 1924. In every number a complete bibliography 
has been given, but of the tables only those oonoemed have been published. 
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(c) Differences in the seeds sown. 

{d) Damage by wire-worm, etc., resulting in the killing off of some 
plants especially in the very early stages of growth. 

(e) Irregularities in light intensity and inter-plant competition owing 
to irregular seed rate or depth of sowing, etc. 

(/) Losses during harvesting. 

(g) Irregularities in the water content of the harvested material. 

In all forms of trial (a), {e) and (/) necessitate the same kinds of 
precaution. To allow for (a), duplication of the whole series of plots is 
commonly practised. By ‘‘dibbing” the seed at regular intervals and 
to a constant depth the influence of (e) may be greatly reduced while 
for (/) sufficient labour and care in all the operations are adequate 
safeguards. 

There remain {h), (c), {d) and {g). Their influences are lessened by the 
selection of a “uniform” piece of soil, by careful selection of seed — and 
with cereal seed eye selection seems the best — and by the adoption of a 
suitable form of “scatter” of small plots (as in the “chess-board” 
system). Plant breeding urgently needs a method of testing in which a 
very small scale will ensure sufficient accuracy for the preliminary 
grading of long series of segregating types such as the families from 
a cross. Reduction of scale demands fresh methods of deahng with 
(6), (c), {d) and {g). 

The plots of any chess-board trial present two features to which 
inter-plot differences of yield (for a single variety) are attributable: 
more strictly, by which these differences are reflected. Some plants have 
died off — usually at an early stage — and so have made no contribution 
to the “plot yield.” Those whose neighbours have died have responded 
to the increased space which they have enjoyed, by increased tillering 
and thereby have tended to compensate the plot yield for the loss 
occasioned by the death of the other plants. Among the plants growing 
at normal spacing some have grown with conspicuous success, some have 
done very badly, and so on. Causes (b) and (c) — ^non-remediable ones — 
have been responsible for inter-plant differences in areas where normal 
spacing has been preserved. With such diversity in single-plant growth, 
the best method of estimating the performance of any variety — ^its 
“yielding capacity” as distinct from its “actual yield” — ^seems open to 
discussion. “Actual yield” or “plot yield” is found simply by taking 
the mean of the plot yields for all plots of the variety in a chess-board 
or other suitable arrangement. The “yielding capacities ” of two varieties 
may fairly be considered to be represented, comparatively, by their 
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mean plot yields provided the varieties have had equal chances of per- 
forming up to their full potentialities. Probably they have had equal 
chances in a chess-board trial containing say thirty 1 square yard plots 
of every variety. But for selection work upon, say, 200 families, such 
a scale of testing would be impracticable. It would be difficult to handle 
more than one cross in a year and almost certainly, by handling six 
crosses and judging families by eye, better results would in the end 
be secured. What is required, then, is a means of assessing the “yielding 
capacities” of different forms from very small samples and with a 
minimum of labour. 

Consideration of this requirement in terms of the single plants of a 
population, suggests a possible form of assessment of “ yielding capacity.” 
Let it be assumed that every plant from a plot has had its yield of grain 
(G) determined and that the population has been classified according to 
the value of G. The “modal class” of plant will thus be known. Now 
the “modal” type of plant is the most commonly occurring type; it 
represents the degree of development — estimating development as yield 
of grain — most frequently reached by the variety concerned under the 
influences of varying combinations of different seeds sown and different 
“patches” of soil encountered in the plot. In a sense, then, it represents 
what is to be expected from the variety when an “average seed” is 
sown upon an “average patch of soil.” From this point of view it appears 
to have some claim to be regarded as representing the “potential yield” 
or “yielding capacity” of the variety. To accept this view involves the 
assumption that the yield of the “average (i.e. modal) plant” grown from 
“average seed” on an “average patch of soil,” is indicative of the 
“field behaviour” of the variety, i.e. of its probable performance when 
drilled in the customary manner in a field. Field behaviour is dependent 
upon a number of factors whose action is limited by the circumstances 
of experimental work. The ravages of birds affect field behaviour but 
in general the variety that does best when birds are excluded will do best 
when they are not excluded; and so it is with some other of the “field 
factors.” But in regard to regularity of spacing and depth of sowing, the 
case is not so simple. However, any objections on this ground to the 
“modal type” procedure are equally valid against ordinary “chess- 
board” testing for which the dibbing of seed is always practised. 

The precise details of procedure for the modal-plant method of 
testing need not be fully considered here. By rejecting “end plants” 
and those with a dead neighbour (as in the work described in the pre- 
ceding paragraphs) greater uniformity of the plants would result. Such 

22—2 
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a step might lead, however, to neglect of the “compensating power” 
of a variety but separate investigation could overcome this difficulty 
{vide § XI, above). It might, further, be desirable to alternate rows or 
small groups of rows of the different varieties : this is a matter for later 
consideration. 

If only the modal plants from a plot had to be dealt with, deter- 
minations of water content would be simplified. Not only would there 
be a smaller bulk of material to handle but also these plants would have 
a smaller range of water content than the complete population. 

The essence of the method which has been suggested is the con- 
tention that the modal plant is representative of the potentialities, 
the yielding capacity, of a variety. It is quite impossible to say how 
closely it would reflect “field behaviour” — data for such a conclusion 
can scarcely be said to exist in the case of the much used chess-board 
method of test. But the case for the modal-plant method seems 
sufficiently good to warrant its consideration as a possible means of 
effecting a preliminary grading of long series of new hybrid forms. 

Labour saving is becoming a vital need in plant breeding and the 
modal-plant procedure appears to lend itself to this. To weigh the 
grain from even 100 single plants is fairly laborious and consequently 
a method involving great numbers of single-plant weighings would bo 
impracticable. In § XI (section B) it was shown that, for both varieties 
and at both spacings, there was a very high and significant correlation 
between G and n (weight of grain and number of grains per plant). It 
would be easier to count the grains on a plant than to weigh them so 
that with very considerable accuracy the “ modal type ” (in respect of 6?) 
might be found by classifying the plants on the basis of “n” and taking 
the modal type of this classification. This method would have the further 
advantage that the frequency distribution of “n” for a population is 
more regular than that of In consequence, the modal type can be 

determined with greater precision. Counting grains, however, is fairly 
laborious and further simplification is desirable. This is offered by the 
characteristic fact that the number of ears per plant (T) is a good 
guide to the values of both n and G, To determine the “modal type” 
for G then, the modal type for T might be found. This would be a simple 
operation for T has a very limited range of values. A possible and not 
very laborious refinement would be to determine the modal type for n 
of the “modal type for T population” and to regard it as the modal type 
for G of the whole population. 

More commonly than not, the modal class of a distribution is not 
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clearly marked, i.e. most distributions are not sharply “peaked.” Some 
difficulty is thus likely to attend the selection of the mode and it might 
be desirable to take the actual modal class and its two neighbours. This 
matter ought not to prove a serious obstacle, however. 

The data of § XI (vide. Tables XXXVI, XXXVII, XXXVIII, XL 
and XLI) make it possible to examine some of the salient features of 
i^e modal plant method. A warning, already uttered in § XI, must 
be repeated here — from all four populations l-ear and 2-ear plants have 
beeij excluded. As a consequence distributions are artificially narrowed 
but the data, nevertheless, serve the purposes of illustration. 

Consideration may first be given to the relative fluctuabilities of the 
general population and the modal car-number sub-population. It has 
already (§ XI) been shown that for A Bed 7 the sizes of sample required 
to ensure 1 per cent, accuracy for the mean per plant value of G are, 
for the general population 1540 plants and for the modal (4-ear) sub- 
population 459 plants. 

It is of interest, next, to test the proposed method of obtaining the 
modal type by classifying for T and tlien, in the modal class of this 
classification, determining the modal class for n. The following facts 
are deduced for A Bed 7 from the data employed in § XI. 

(i) For the complete population the modal class for n has a class 
mean oi n — 94*5. 

(ii) For the modal ear-number (4-ear) population the modal class 
for n has a class mean of n — 95-(), 

Thus, for the A Bed 7 population the modal class for n may be 
reliably found by classifying on the basis of T, As a fact, all members 
of the modal class for 7i of the general population are 4-car plants. And 
since for (i) and (ii) the rnodal-n values are identical, the same plants 
are involved in each population and thus for each population the final 
modal-n class of plant has the same average value of G per plant. Here 
then, clearly, the method of determining the modal-n class by means of 
the more readily observed variable T, is justified. And since the correla- 
tion of G and n is very high, this simpler procedure should afford a close 
approximation to the modal value of G for the whole population. 

Finally, a hypothetical case may be discussed in illustration of the 
suggested method. If there be two plots of the same size, sown at regular 
intervals with 232 seeds (twice the number of plants in the A Bed 7 
population), it may be supposed that in the one every plant survives 
while in the other 25 per cent, die. Let it be further assumed that the 
plants which die are all in one half of the second plot. Thus this plot is 
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equivalent to the A Bed 7 population (116 plants) plus a population of 
58 plants whose constitution is that of A Bed 6 (4-inch spacing). The 
actual A Bed 6 population contained 100 plants. If A-2 and AA denote 
the actual A populations, data for which are recorded in § XI above and 
{A-2) and (-4-4) denote the gross yields of grain of the populations then: 

First plot = 2 -4-2; second plot = -4-2 + 68/100.-4-4. 

total yield of grain of first plot: 

-2x(116)x(average6?perplantof^-2) = 2(116) (4*36)- 1011-52. 

total yield of grain of second plot: 

= 116 (average Q per plant of A-2) + 58 (average 0 per plant of -4-4) 
= 116 (4-36) + 58 (5-12) = 802-72. 

Thus the plot yields will differ by about 25 per cent, of the lower. 

The modal types for T may now be found. For the first plot the modal 
type is as for -4-2, i,e, 4-ear plants for which G (mean) = 4-67. For the 
second plot the distribution according to T will be : 



3 

4 

3 

3 

7 

3 

9 

^-2 = 

41 

49 

15 

7 

3 



1 

58/100^-4 = 

11*6 

13-34 

14-50 

9-28 

5-22 

2-90 

M6 

Second plot = 

52*6 

62-34 

29-50 

16-28 

8-22 

^90 

2-16 


Now the average values for G in the case of 4-ear plants — ^the modal 
class of the second plot-7-were for -4-2 = 4-67 and for -4-4 = 4-22. 

Thus the mean value of G for the modal class of the second plot is : 

= ^ (4-67) + 13-34 (4-22)] 

= 4-67. 

The modal-class values of G per plant thus differ by only 0-1 which is 
roughly 2-2 per cent, of the lower value as compared with the 25 per cent, 
difference of the total yields of the plots. 

It is evident that the closeness of the values of G (mean per plant) 
for the modal classes of the two plots, is due to the fact that that class, 
for both plots, is the 4-ear class. Actually, the modal class of -4-4 is the 
6-ear class but although the -4-4 constituent of the second plot raises 
the mean value of T above that of the first plot, it leaves the modal 
value unaffected (at T == 4-ear8). The relatively low yield of the second 
plot as a whole is clearly due to the poor “compensating effect” of the 
plants when casualties increase the spacing on one part of it. There is a 
compensation but it does not suffice to counterbalance the effect of a 
25 per cent, loss in number of plants. 
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The hypothetical case rests upon some considerable assumptions and 
has been discussed in terms of data which do not permit of incontro- 
vertible argument. As an illustration, however, it indicates that in some 
circumstances the modal plant, having a greater inter-plot constancy 
than the total yield, may, apart from other considerations, be regarded as 
better representing the “yielding capacity” of a variety. Without further 
specific investigation, however, there can be no decisive conclusion. 

The suggestions which have been made are to be regarded in the 
same light as those in § XI which relate to “compensating power.” They 
are attempts to reduce the scale of yield testing in preliminary breeding 
work and they seek to find expression for the “field behaviour” of a 
variety. Until the agriculturist can specify “ field behaviour ” the plant 
breeder cannot systematically “breed” for it nor can the physiologist, 
in whose hands the solution of the “yield problem” ultimately rests, 
commence its biological interpretation. 

§ XIII. The Percentage Nitrogen Contents of the Successive 
Tillers of the Plant. 

Investigations of the N content of barley have in almost all cases 
been made upon the grain for they have been prompted by considera- 
tions of “malting quality.” The critical work has been tliat upon the 
relation between “weight of grain” and N content. Johannsen was the 
pioneer in this field and he found that for Goldthorpe Barley the grains 
showed a gradation in weight from base to tip of the ear. And further, 
the larger grains had the lower N content (per cent.). To this latter 
finding he attached the reservation that exceptions were not infrequent. 
Munro and Beaven(i7) greatly extended the knowledge of the subject. 
They confirmed Johannsen’s general conclusion, dealing, like him, with 
samples of grains from the base, middle and top of the ear for a group 
of ears of one variety. Their work made it clear that “season” — in 
practice almost synonymous with “maturation” — was a very important 
factor in the weight : N content relation of grains, and they very clearly 
explained the grounds on which the experimental relationship might be 
predicted. Attempts to estimate the N contents of the individual grains 
upon an ear have been briefly described in Appendix IV. It was clear 
that despite a strong suggestion of a relationship such as has been 
described above, deviations were frequently displayed by grains on the 
same ear. To complete the account of the irregularity of N content in 
' the barley plant it may be mentioned that the percentage is very different 
in the separate parts of the plant the differences being by no means 
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constant from plant to plant. A long series of analysis gave results which, 
in round average numbers were: 

Percentage N content to dry weight in : 

Awns == 0*36 Straw (less leaves) == 0*22 

Rachis = 0*50 Leaves only == 0‘60 

Grain = 1‘70 

From these facts it is to be anticipated that the percentages of 
N in the separate tillers of a plant will be unlikely even to follow the 
same order of magnitude in all plants. Trial with the single plants of 
3-ear, 4-ear, etc., populations confirmed the anticipation. In most of 
the plants the percentage of N was least, both in grain and straw, for 
Tq (main axis), and rose in sequence for (first side tiller), Tg ••• 

The very small tillers which had formed no cans (infertile tillers) always 
had a very high N content. 

It was fpund impossible to carry out the great number of single-plant 
determinations which would have been required to cope adequately with 
the fluctuations and in consequence bulk samples were investigated. As 
a first step, 50 well-grown and matured plants of P were divided up and 
their tillers thus classified : 

(a) large tillers bearing large ears; 

(j3) poor tillers bearing poor ears (grains few and small); 

(y) infertile tillers. 

The results of close duplicate analyses gave the following mean 
values (N content = per cent, of dry weight): 


Class 

Straw 

Grain 

(“) 

0-416 

1-727 

(l») 

0-631 

1-929 

(7) 

1-117 

— 


The values indicate that the smaller tillers have the higher percentage 
of N in both grain and straw. Infertile tillers are especially rich in N. 

Next, all the tillers of a sample of 7-ear plants were thus classified: 
(a) big ears, (j8) medium ears, (y) small ears, (S) very small ears, (c) in- 
fertile tillers. The means of close duplicate analyses were, for per cent. N 
to dry weight: 


Clasa 

Average number of 
grains per ear 

Per cent. N in 
straw 

Per cent. N in 
grain 

(“) 

32-83 

0-369 

1-926 

(« 

27-93 

0-399 

1-998 

(7) 

21-22 

0-637 

2-204 

(«) 

14-18 

0-691 

2-038 

(‘) 

— 

1-201 

— 
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The average ear size in the different classes may be judged from the 
average number of grains per ear (column 2). 

Similarly for a sample of 6-ear plants, all well grown and well matured : 



Average number of 

Per cent. N in 

Per cent. N in 

Class 

grains per ear 

straw 

grain 

(a) 

3200 

0*388 

2-072 

m 

27-50 

0-420 

2-076 

(7) 

16-25 

0-643 

2-487 

(^) 

14-50 

1-097 

3-646 

(0 


1-263 

— 


These results accord with the previous ones in general form. 

The available data, slender though it is, seems to deserve considera- 
tion for it indicates that a rise in percentage N content in both grain 
and straw is in general, to be found in the order Tq, etc., 

for the single plant, the infertile tillers being especially rich in N. “N 
efficiency,” i.e. the amount of carbohydrate formed per unit of N 
absorbed from the soil, may be regarded as one of the aspects of the 
“field behaviour” of a variety. From the tentative conclusions reached 
above, it follows that the successive tillers of a plant have diminishing 
N efficiencies. The more marked the decrease in size in the side tillers 
the less, therefore, will be the N efficiency of the whole plant. In 
different varieties the sizes of 1\, etc., relatively to Tq are some- 
what characteristic and it seems probable that N efficiency may 
similarly in a broad way, characterise varieties. 

It must be realised of course that “N efficiency” as used here is 
intended to carry no physiological significance; it is simply a numerical 
representation. In this sense the ideal tillering habit appears to be that 
which results in the early formation of a few good tillers without 
numerous, late, impoverished ones. This is in accordance with the con- 
clusions of § IX above but its relation to the requirements of “compen- 
sating power” {vide § XII) will require careful investigation. 

PART III. 

A RlSSUMfi. 

The cereal “yield problem” embodies all the possibilities of increasing 
the output of grain per unit area. Part 1 is devoted to a general con- 
sideration of these possibilities category by category. The production of 
new varieties or forms of cereal plant is the most directly constructive 
possibility and improvements on other lines will naturally reinforce 
whatever is accomplished in tliis way. Of the methods by wliich new 
forms may be obtained hybridization is the most prolific. Its application 
in plant breeding involves reliance upon eye-judgment and although 
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the more exhaustive alternative to this is theoretically satisfactory it is 
impracticable. Despite the obvious merits and the past achievements 
of eye-judgment, there is a great need for some equally simple but 
more reliable method. Some have sought for a direct “index” to 
yielding power in the form of a readily determinable “attribute” of 
the plant. Only the “migration-coefficient” method elaborated by 
Dr E. S. Beavan of Warminster appears to hold any promise as an index 
and this appears unsuited to the complete displacement of “eye-judg- 
ment” because of the labour it involves. Assuming a really simple index 
to be feasible, its discovery will demand more careful study of the 
characters of the cereal plant than has yet been made. 

In hybridizing to produce varieties of superior yielding power, the 
ideal procedure would be to “analyse” yield into “components.” These 
“components” are conceived to be the most important of the “plant 
characters” which control yield. Following upon such analysis there 
would be a “synthesis” of high-yielding forms by the accumulation 
into one form by suitable crosses, of the optimum combination of “yield 
components.” Thorough study of plant characters is the line along which 
yield analysis must be approached and it naturally necessitates experi- 
ment in which the single plant and not the acre is the unit of observation. 
But crops are grown by the acre and therefore single-plant work must 
be joined by a suitable bridge to the circumstances of per-unit-area 
growing. Differences of spacing as affecting yield per plant appear to 
be the best bridge so that all plant characters and the inter-relations 
they appear to show, must be investigated at a series of spatial intervals. 
Characters apparently suitable for investigation on these lines can 
readily be named but knowledge concerning them is scanty. How they 
fluctuate, how big should be the experimental sample for their investiga- 
tion, their inter-dependence, the desirability and practicability of possible 
precautions in growing and sampling to the end that fluctuation may be 
lessened — all these questions point to a general reconnaissance before 
the problem of yield analysis is directly attacked. 

Many other matters claim attention in connection with this great 
problem. Boot system is the most obscure and perhaps the greatest of 
these but precise data upon time and method of flowering and the rate 
of increase of dry weight during life are others which cannot well be 
overlooked. The extensive occurrence of synonyms and its pernicious 
results indicate that any plant character of possible diagnostic importance 
is worthy of investigation. For this reason the juvenile characters of 
the plant should be included in the list of experimental variables. 
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For general convenience it seems best to base the preliminary study 
upon two pure lines of 2-row barley. Keconnaissance and not ad hoc 
experiment seems the only justifiable form of immediate experiment 
proceeding from present knowledge, a view upon which emphasis must 
again be laid. Relevant literature is reviewed with no idea of compihng 
a comprehensive summary but only in so far as it affords comparative 
evidence or casts light upon the nature and experimental suitability of 
important plant characters. 

Part II is an account of experimental work the scope of which is 
disclosed by the table of contents prefaced to it. That the results are 
applicable only to the pure lines, the year, and the general circumstances 
prevailing must always be in mind. To lessen fluctuation there was a 
series of precautions which are fully discussed. The chief were: 

(i) Selection of seed, sowing on one day and by uniform dibbing, 
and the exclusion from observation of plants which did not germinate 
in the ‘‘modal” period (of two days) for the whole population. 

(ii) A similar exclusion of the plants of end-rows, of the end plants 
of all rows, and of plants one or both of whose neighbours in the row 
failed to survive till harvest. 

(iii) At later stages and for special purposes, observation was limited 
to plants which “flowered” on the “modal” day and which produced 
the “ modal ” number of ears, etc. 

(iv) A separate record was kept for every plant at all stages so that 
correspondence between development at two or more stages could be tested. 

The results are given briefly and seriatim. Both the varieties were 
grown at two spacings (12" x 2" and 12" x 4"). To denote the main 
axis of a plant the symbol Tq is used, etc., correspondingly 

serving for the first, second, etc., side tillers. For the whole plant or 
the single tiller, according to the context the following symbols are used : 
G = weight of grain, S = weight of straw, 

n = number of grains, m = migration coefficient == GjG -f S, 

T = number of tillers. 


Appendix I. Despite contrary claims the importance of sowing seeds 
the “right way up” appears to be negligible. 


§ I. The material and method of the investigation are fully explained. 
In § II the accepted differences between the pure lines — the one of 
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Archer {A) and the other of Plumage (P) barley — are described. For 
two such familiar and characteristic races, the possible descriptions are 
suprisingly meagre. Field notes on growth form the substance of § III. 
They serve to check and illuminate the more precise data of subsequent 
paragraphs. 

§ IV. The coleoptile and first green leaf possess distinctive features 
in P and A and their diagnostic importance seems clear. 

§ V. Of various methods of examining the root system simple spraying 
away of the soil alone proved helpful. The weighing of roots, theoretically 
of doubtful worth, is in practice entirely fruitless. Between P and A 
a definite difference exists. A produces early in life a stronger seminal 
system while P devotes itself sooner and more actively to the adventitious 
system. 

§ VI is concerned with the number of grains upon the ear and with 
their individual weights in relation to their position. Number of grains 
is extremely fluctuable and, for P and A, the inter- varietal difference 
is readily obscured by inter-seasonal effects. Grain weight in relation 
to position on the ear has a fairly definite pattern for ears of all sizes 
in any one pure line. But local unconformities on the individual ear make 
it impossible to employ this ‘‘pattern” in analytical work. A comparison 
of the “pattern” of the “average ears” of P and A for ears of the same 
number of grains reveals a difference which appears to be, while quite 
characteristic, of some importance in regard to yield. Number of grains, 
among ears of the same pure line, is a safe index to relative weight of 
ear. To a less extent this is true of the average weight of a single grain. 

§ VII. Tillering. Three weeks after germination, despite the “pre- 
cautions” employed, very considerable inter-plant differences were 
manifest. At this time the populations were sharply concentrated round 
the conditions “three leaves and no tillers” or “four leaves and one 
tiller.” These appeared to be definite stages of morphological develop- 
ment. At every count of tillering, for both varieties, and for both spacings, 
the frequency distributions showed marked regularity. Standard errors 
of means were small and in the worst set of data a difference of unity 
between the mean numbers of tillers of the two pure lines would have 
been significant. For so fluctuable a character as tillering, accuracy of 
this standard is very satisfactory and it repays the labour which the 
precautions involve. Between P and A the difference at all stages was 
not significant, a result confirmed later by the numbers of mature ears 
formed per plant. 

Appendix III is a review of the question of “tillering.” 
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§ VIII. Time of flowering, concerning which there is a brief review 
of published experimental results in Appendix V. ‘‘ Flowering ” was taken 
as the stage at which the awns had emerged one inch from the leaf 
sheath. Time of flowering is a very sharp “varictar’ character and at 
both spacings A was a little earlier than P. The times for the individual 
tillers of a plant are definitely correlated, the date for Tq thus being an 
index to those for Tg* Between the dates of flowering of well 
and poorly developed plants as between those for the individual tillers 
of a single plant, the intervals were very small and quite disproportionate 
to the differences of age and of development in earlier stages. Almost 
every tiller of every plant in all the experimental populations, flowered 
within a week. The differences, though small, were quite positive and they 
reflected in a singularly regular way, the differences of earlier stages of 
growth. In fact by selecting sub-populations which exhibited different 
degrees of advtocement on the first date of observation, corresponding 
differences could be shown to be present at all the important subsequent 
stages. As a practical application of these results a method has been 
suggested for drawing uniform and representative samples at successive 
stages in work upon dry-weight increase or upon the products of the 
mature plant. 

Appendix IV explores the details of ear attributes. It is shown that, 
in experiment, to weigh the whole ear (grain plus awns plus rachis) is 
unsafe and further that in small scale work upon grain weight, etc., dry- 
weight determinations are necessary. The proportionate weight of the 
adherent paleae is very fiuctuable and sufficiently so to invalidate observa- 
tions based upon small samples unless its effects are determined and 
corrected. It seems to be indicated that, save in special circumstances, 
the total weight and number of the grains of the ear are the only prac- 
ticable variables in observations upon ear characters. 

§ IX. Nothing is known of the physiological inter-relationship of 
the tillers of a cereal plant. As a first step towards their investigation a 
study was made of their attributes^ — 6r, n, etc. — in the mature state. 
Sub-populations of plants were drawn in each pure line which satisfied 
a very comprehensive set of specifications of “uniformity.” Even in 
these, inter-tiller relationships were very inconstant. No explanation 
can be advanced to account satisfactorily for this result and it seems 
that the actual physiological inter-relationship of the tillers will have 
to be explored. Among the questions to be dealt with is the possibility 
that translooatory interchange of salts or of elaborated substances can 
take place among the tillers of a plant. Possibly the result described is 
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to be interpreted as a reflection of the extreme arbitrariness, or biological 
indirectness, of “yield” in the form of weight of grain. 

§X, “Yield” is an expression or end-product of growth. Inter- 
varietal differences of yield may therefore be revealed or interpreted by 
growth studies. The tillering habit of cereal plants renders acute the 
diflSculty of “sampling” which besets such studies in all plants. This 
investigation aimed at nothing further than an exploration of the 
“sampling” difficulty as a preliminary to further work. For various 
reasons, determinations of N per cent, and ash per cent, were made and 
samples were drawn at weekly intervals. One or two rows of plants 
were lifted and all plants rejected which had not satisfied certain require- 
ments of “uniformity” of conditions. No other method of sampling is 
readily possible with cereal plants. Fluctuations in dry weight were 
exceedingly great and it is shown how very dependent deductions may 
be upon the form of sampling employed. For the single plants dry 
weight, N per cent., ash per cent., number of tillers, and chronological 
age are quite disharmonious and thus no such attribute is acceptable 
as an index to “physiological age.” The curves showing the progressive 
dry weights of the average plant of the week, though only limited reliance 
can be placed in them, display at the time of flowering and fertilization 
a distinct “check” such as has characterised other similar results. In 
the light of the phenomenon of tillering most of the difficulties and 
disharmonies can be explained and the desirability of a modified method 
of sampling (vide § VIII) is again indicated. 

§ XI is a comprehensive study of the values of G, S, n, m and T per 
plant as well as of their inter-relationship for both varieties at both 
spacings. Of sixty possible correlations thirty have been evaluated as 
these appeared to suffice as indications of the value of this method. 

(a) In all the populations the correlation of G per plant with the 
other variables had an order of magnitude which may be represented 
by writing for the correlation the symbol for the other variable. The 
order then is : 

n > S > njT > Gjn > m. 

As the correlations are high, positive, and fully significant this constancy 
of sequence is fundamental. 

(j8) For calculating G in terms of other variables, the use of “w” 
gives the most accurate results and that of m the least. On biological 
grounds as well as statistically, a high value of “w” seems the prime 
essential to a high value of G whether per plant or fftsr acre. 
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(y) Total length of rachis per plant is highly correlated with 6r, S, 
and n and is less fluctuable than S, 

(8) Compared with the labour it involves, the evaluation of coefficients 
of correlation has a limited value in yield studies. Nevertheless some 
of the correlations, particularly that of G and n, have valuable practical 
applications and are of some biologic interest. 

(c) The migration coefficient (m) is slightly different for sub-popula- 
tions of 3-ear, 4-ear, etc., plants but its constancy is much greater than 
that of G and thus the claim for its use in selection work receives some 
support. It is possible that as between members of a group of similar 
barley varieties it may have an application which fails if members of 
different groups are treated. 

(^) For both P and A the increase of S from 2-inch to 4-inch spacing 
is greater than that of G. Consequently the value of the G : S correlation 
is dependent upon the spacing of the plants. The response of P to the 
greater spacing is more generous than that of A in so far as G is concerned. 
This is due to the fact that A, while at both spacings a more freely tillering 
form than P, fails to increase as rapidly in ‘‘n.” In other words its 
successive tillers more quickly decrease in size below the main axis. This 
is at once evident from the values of nJT, i,e. number of grains per 
tiller. 

(ri) The coefficient of variation, viz. 100 ajM (a = standard deviation, 
31 mean) had a value of 35-40 per cent, for (?, S, and n. To determine 
the mean per plant value of (r to 1 per cent, the size of sample must be 
1540 plants: and to 5 per cent, a sample of 62 plants is requisite. These 
sizes are for samples drawn in accordance with the specifications of 
uniformity already detailed. 

(0) Ratios such as G//S are naturally less variable than the attributes 
which compose them. The order of the coefficient of variation was in all 
cases njT > m > G/n and G/n shows the highest correlation to G of these 
three ratios. 

(t) The number of grains on Tq is correlated with the numbers on 
Ti, T 2 and also with the total number borne by the plant. The 
coefficient ^ 0*6 to 0*7 so that despite individual fluctuations a tendency 
to uniformity of inter-tiller relationship as judged by ‘‘n” is proved to 
this degree. 

(k) The value of G may be broadly gauged from that of T. In the 
A population at 2-inch spacing the mean values of G (per plant) were : 
2*92 i 0*119 for the combined 3-ear plants, 

4*67 ±0*143 for the combined 4-ear plants. 
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By observing plants having all the same number of tillers, percentage 
accuracies of 1 per cent, and 6 per cent, are derivable from much smaller 
samples than are requisite in dealing with the general population. The 
actual sizes are for 1 per cent. 459 (instead of 1540) and for 5 per cent. 
(18 instead of 62). 

(A) The simple ratio attributes GjS^ njT, etc., are all different in value 
for the sub-populations characterised by different numbers of tillers per 
plant. Moreover, no two of the six ratio attributes tested, places in the 
same order of magnitude the different tiller-number sub-populations. 
Thus in comparing different pure lines on the single plant basis it is 
essential to confine observation to the “modar’ tiller-number sub- 
population of each line. In no case can close comparison be of value if 
made in terms of general populations. 

(fx) For the single plant it appears impossible to represent as a 
function of one or a combination of the other plant variables explored. 

§ XII suggests a modified procedure for yield trials on a very small 
scale. Substantially it rests upon the contention that the yielding power 
of a variety should be judged by the modal value of G (per plant) for 
a population. By using the correlations of § XI a shortened practical 
application of this method seems possible. 

§ XIII. The percentage of N in the tillers of a plant is usually in the 
order Tq < 1\ < for both grain and straw. Small, non-ear-bearing 
tillers have a very high percentage. Thus the “nitrogen efficiency” or 
amount of dry matter formed per unit of nitrogen used, decreases in 
succession through the tillers from Tq. This may be regarded as one 
aspect of the field behaviour of a cereal variety and the results confirm 
the finding of an earlier paragraph — ^that the production of a few tillers 
very early in the life of the plant with the suppression of late tillering 
is the ideal habit of the high-yielding cereal plant. 

Several lines of further investigation are opened by the results 
which have been reviewed. In a field as vast as that which the “yield 
problem” covers, a single line cannot be expected to lead directly 
to a solution. The general conclusion is that the form of the single plant 
at different spacings is to be regarded as the immediate consideration 
and that it should be judged in the first instance on the basis of total 
number of grains. Comparative work on varieties of markedly different 
yielding powers is called for since, in the light of the character inter- 
relationships which have appeared, this may perhaps be expected to 
disclose the nature of such differences. Simple continuation appears to 
be requisite in connection with juvenile characters and the root, while 
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for increase in dry weight the difficulty of sampling needs further in- 
vestigation for which the lines suggested (modal type selection) may 
prove suitable. Reduction of labour is vital to yield studies owing to 
their extensiveness and the results of the detailed investigations afford 
an indication not only of the size of sample requisite for specified 
accuracy but also of the limitations to the value of the more important 
determinations of ear and other plant characters. It seems probable 
that in further investigation the use of precautions of the kind described 
will be amply repaid. 


Table XXXVI for P and A populations at 2-inch spacing (Bed 7): 
showing the mean, coefficient of variation, quartiles, and limits of 
range, of the frequency distributions for various metrical attributes. 


P = ordinary type; A 

= italic. 

Limits of range 

r 

Number 

of 

Attribute 3f db s. e. 

V 

Q^-Qi 

upper 

lower 

plants 

G 4-26±0l7 

41-43 

5-30 - 2-97 

10-65 

1-65 

104 

4-3e±016 

39-24 

5-23-3-17 

11-55 

2-05 

116 

m 0-431 ±0 007 

1699 

0-48-0-39 

063 

0-24 

104 

0-437 ±0006 

13-21 

0-48-0-39 

0-54 

0-23 

116 

T 3-73 ♦ 

— 



— 

— 

104 

4-02 

— 

— 

— 

— 

116 

n 93-26 ±3-21 

36-09 

108-3-72-1 

225 

35 

104 

93-81 ±2-81 

32-29 

107-2 - 71-2 

255 

35 

116 

GJn 0-0448 ± 0-0006 

13-86 

0 061-0-039 

0-060 

0-027 

104 

0-0456±0-0005 

12-09 

0-051 -0-042 

0-058 

0-029 

116 

n/T 24-9 ±0-48 

19-62 

28-6-22-4 

33-5 

10-5 

104 

233 ±0-37 

17-12 

26-4-20-4 

31-5 

10-5 

116 

S 5-53±0-21 

38 21 

6-55-3-99 

12-55 

2-55 

104 

6-74 ±0-21 

39-15 

6-74-3-93 

15-05 

3-05 

116 

* Full distributions of number of ears per plant are given in 

Table XXXVIll. 

Tabic XXXVII for P and A populations at 4-inch 

spacing (Bed 6); 

showing data corresponding to those of Table XXXVI. 
type ; A italic. Limits of range 

P— ordinary 

No. 

of 

Attribute 3f±8.e. 

■ V 

Qz-Qi 

( 

upper 

lower 

plants 

0 6-67 ±0-26 

39-42 

7-06-4-15 

12-65 

1-55 

74 

5-12±0-19 

37-53 

6-59-3-65 

11-55 

1-55 

100 

m 0-414±0-007 

13-77 

0-46-0-39 

0-61 

0-24 

74 

0-423 ±0-006 

13-69 

0-47-0-38 

0-53 

0-26 

100 

T / 4-82 * 



— 

— 

— 

74 

4-94 

— 

— 

— 

— 

100 

n 122-47±619 

36-49 

147-11-87-11 

245 

45 

74 

108-60 ±3-90 

35-91 

136-14 - 77-3 

235 

45 

100 

0/n 0-0466 ±0-0007 

12-62 

0-060 - 0-043 

0-066 

0032 

74 

0-0471 ±0-0006 

12-33 

0-050 - 0-044 

0-063 

0-028 

100 

n/T 26*4±0-49 

19-98 

28-6-22-7 

36-5 

106 

74 

22-0 ±0-39 

17-77 

24-6-19-2 

30-5 

10-5 

100 

S 7-86±0-32 

34-86 

9-42-6-96 

16-05 

3-66 

74 

7-01 ±0-26 

37-68 

8-55-5-10 

1455 

1-55 

100 

* Full distributions of number of ears per plant are given in 
Joum, of Agrio. Soi. xiv 

Table XXXVIll. 

23 
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Table XXXVIII for P and A at both spacings: frequency distribution 
of number of ears per plant. 

Number of ears per plant 


Variety 

Spacing 

' 1 

2 

3 

4 

5 

6 

7 

8 

~9 

P 

A 

2-inoh 

2*inch 

Plants 

not 

harvested 

Plants 

not 

harvested 

63 

41 

33 

49 

13 

16 

4 

7 

3 

1 

1 

P 

A 

4 -inch 
4-inoh 

14 

20 

19 

23 

23 

26 

10 

16 

1 

9 

6 

6 

1 

2 


Table XL for P and A at 2-inch spacing (Bed 7) : showing average values 
per plant for populations of 3-tiller, etc., plants and ratios derived 
from these average values. P =* ordinary type; A = italic. 

No. of 


ears Average values per plant Ratios derived from the attributes of 

per for population columns 2-6 


plant 

T 


8 



Q^8 

n 

Qjn 

GIT 

S/n 

SIT 

> 

nIT 0+8IT m 

No. of 
plants 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

3 

3-22 

4*31 

7-63 

71-6 

0-0450 

1-07 

0-0602 

1-44 

23-9 

2-61 

0-427 

63 


2-92 

3^98 

6‘90 

65-1 

0-0448 

0-97 

0-0611 

1-33 

21-7 

2-30 

0-423 

41 

4 

4-64 

6-82 

10-46 

101-2 

0-0468 

M6 

0-0676 

1-46 

26-3 

2-61 

0-443 

33 


4'67 

604 

1072 

98-7 

0-0478 

1-17 

0-0612 

1-51 

24-7 

2-68 

0-436 

49 

6 

6-95 

7-76 

13-71 

131-6 

0-0462 

1-19 

0-0590 

1-65 

26-3 

2-74 

0-434 

13 


6-74 

6-84 

lh97 

772-6 

0-0456 

1-03 

0-0607 

1-37 

22-5 

2-39 

0-429 

15 


Table XLI for P and '^ at 4-inch spacing (Bed 6): showing the data 
corresponding to those of Table XL. P = ordinary type; A = italic. 
No. of 


ears Average values per plant Ratios derived from the attributes of 
per for population columns 2-5 


uant 

T 

0 

8 

G+S 

s 

n 

' Gin 

GIT 

8ln 

-A 

SIT 

njT G+8IT m' 

No. of 
plants 

(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

3 

3-62 

6-12 

8-74 

77-1 

0-0469 

1-21 

0-0664 

1-71 

26-7 

2-91 

0-414 

14 


3-30 

4-17 

7-47 

66-9 

0-0493 

1-10 

0-0623 

1-39 

22-3 

2-49 

0-442 

20 

4 

4-97 

7-10 

12-07 

102-2 

0-0486 

1-24 

0-0696 

1-78 

26-6 

3-02 

0-411 

19 


4-22 

6-05 

10-27 

86-6 

0-0487 

1-05 

0-0699 

1-51 

21-6 

2-57 

0-411 

23 

6 

6-48 

7-64 

13-12 

119-1 

0-0460 

1-10 

0-0641 

1-53 

23-8 

2-62 

0-418 

23 


5-19 

7-14 

12-33 

109-3 

0-0476 

1-04 

0-0653 

1-43 

21-9 

2-47 

0-421 

25 

6 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


6-21 

8-56 

14-77 

131-6 

0-0472 

1-03 

0-0650 

1-43 

21-9 

2-46 

0-421 

16 



F. L. Englbdow and S. M. Wadham 


343 


BIBLIOGRAPHY. 

(1) Enoledow, F. L. and Shelton, J. P. (1922). “An Investigation upon Certain 

Metrical Attributes of Wheat Plants.” Journ, Agric, Sci, 12. 

(2) Kulkarni, M. L. “Experiments in Planting Sugar-Cane Sets with a Single Eye- 

Bud and Pot Experiments with other Seeds placed in Different Positions 
while Planting.” Agric, Journ. India, 13. 

(3) “Further Experiments and Improvements in the Method of Planting 

Sugar-Cane and Further Study in the Position of Seed in the Ground while 
Planting.” Agric. Journ. India, 14, 5. 

(4) Kottur, G. L. “Position of Seed in Cotton.” Agric, Journ. India, 15, 1. 

(5) Pbrcival, John. The Wheat Plant. A Monograph. Publ. 1921. Duckworth, 

London. 

(6) Rotmistrov, V. (1909). Root Systems of Cultivated Plants of One Yearns Growth. 

Min. of Lab. and Agr., Department of Agriculture, Odessa. 

(7) Hays, W. M. and Boss, A. (1899). Minnesota Wheat Breeding. Minnesota. 

(8) King, F. H. “Natural Distribution of Roots in Field Soils.” Wisconsin Sta. 

Report for 1892. 

(9) Weaver, J. E. (1919). The Ecological Relations of Roots. Carnegie Inst, of 

Washington, Pub. No. 286. 

(10) Howard, A. and Howard Gabrielle, L. C. The Economic Significance of the 

Root Development of Agricultural Crops. 

(11) Harlan, H. V, (1914). “Some Distinctions in our Cultivated Barleys with 

Reference to their Use in Plant Breeding.” Bull, of U. S. Dep. of Agric. 
No. 137. 

(12) JoHANNSBN, W. “ Ober die Abanderungen der Gerste mit besonderer Rucksicht 

auf das Vorhaltnis des Gewichtes der Konier zu ihrom Gehalt an Stickstoff- 
haltigen Substanzen.” Meddelelser fra Carlsberg Laborat. T. 4. [Abstract, Brew. 
I' rode Rev. 1899 and Journ. Inst. Brew. 1899, 5.] 

(13) Hume, A. N., Champlin, M., and Fowles, M. (1919). “The Influence of Length 

of Wheat Head on Resulting Crops.” S. Dakota Sta. Bull. No. 187. 

(14) Arny, A. C. and Garber, J. (1918). “Variation and Correlation in Wheat with 

special ’’eference to weight of seed planted.” Journ. Agric. Res. 14, 9. 

(16) Cunningham, C. C. (1923). “Study of the Relation of Length of Kernel to the 
Yield of Corn.” Journ. Agric. Res. 21, 7. 

(16) Yaihaguohi, Y. [Abstract in Exp. Sta. Record, 45, 1, 1921.] “Relation of 

Flowering Time and Position of Flowers on Panicle and Branch to Kernel 
Weight of Rico.” 

(17) Munro, F. and Bbaven, E. S. (1900). “Various Conditions affecting the Malting 

Quality of Barley.” J. R. A. S. E. 11. 

(18) Hays, H. K. and Harlan, H. V. (1920). “The Inheritance of the Length of Inter- 

node in the Rachis of the Barley Spike.” V. S. Dept, of Agric. Bull. No. 869. 

(19) Parker, W. H. (1914). “A Case of Correlation in Wheat.” Journ. Agric. Sci. 6. 

(20) Kiesslinq, L. (1916). Die Vererhung von Stickstoffgehalt und Komgrosse der 

Gerste. Paul Parey, Berlin. 

(21) Pearl, R. (1911). “Some Recent Studies in Variation and Correlation in 

Agricultural Plants.” Amer. Nat. 46. 


23—2 



344 Investigatiom on Yield in the Cerecds 

(22) Berry, A, R. (1920). “Composition and Properties of Oat, Grain, and Straw.’* 

Jcmm. Agric, Sci. 10. 

(23) Brenohlby, Miss, and Hall, A. D. (1908-10). “The Development of the Grain 

of Wheat.” Joum. Agric, Set. 3. 

(24) Barber, C. A. “Studies in Indian Sugar-Cane.” Mem, Dep. Agric. India 

(Botanical Series), 10, No. 2. 

(25) PiNDT^y, W. M. (1919). “The Size of Seed.” N. of Scotland Coll, of Agric. 

Bull. No. 23. 

(26) Waldron, L. R. (1921). “Rato of Culm Formation in Bromus inermis.** Journ. 

Agric. Res. 21. • 

(27) Summers, F. W. (1921). “The Tillering of Ceylon Rices.” Tropical Agric. 56, 2. 

(28) Kidd, F. and West, C. (1918). “Physiological Predetermination; The Influence 

of the Physiological Condition of the Seed upon the Course of Subsequent 
Growth and upon the Yield.” Chapter i. Ann. App. Biol. 6, No. 2. 

(29) Prescott, J. A. (1920). “A Study of Nitrogen and Root Space.” SuManic Agric. 

Soc. Bull. No. 4. 

(30) Olympia Agricultural Company (Research Department). First Annual Report, 

June, 1921. 

(31) Biffen, R. H. (1904^). “Mendel’s Laws and Wheat Breeding.” Joum. Agric. 

Sci. 1. 

(32) Kbeble, F. and Miss C. Pellbw. (1910-11). “Mode of Inheritance of Stature 

and Time of Flowering in Pisum.*' Joum. Qenelics, 1. 

(33) Caporn, a. St. C, (1910-11). “An Account of an Experiment to determine the 

Heredity of Early and Late Ripening in an Oat Cross.” Joum. Genetics, 7. 

(34) Freeman, G. F. (1919). “The Heredity of Quantitative Characters in Wheat.’ 

Joum. Genetics, 4. . 

(36) Hoshino, Y. (Nov. 1916). “On the Inheritance of Flowering Time in Peas 
and Rice.” Joum. Coll, of Agric., Tohoku Imp. Univ. Sapporo, Japan, 6, 
Part IX. 

(36) CowENS, C. (1904). “Ein typisoh spaltender Bastard zwischen einer einj^hrigen 

und einer zweijahrigen Sippe des Hyoscyamus nigerP Ber. Deut. Bot. Ges. B. 

22 . 

(37) Thompson, W. P. (1912). “The Inheritance of the Length of the Flowering 

and Ripening Periods in Wheat.” Trans. Roy. Soc. of Canada, 12, Series ni. 

(38) Castle, W. E. (1916). “New Light on Blending and Mendelian Inheritance.” 

Amer. Nat. 50 . 

(39) Harlan, H. V. (1920). “Daily Development of Kernels of Hannehon Barley 

from Flowering to Maturity at Aberdeen, Idaho.” Joum. Agric. Res. 19. 

(40) Beaven, E. S. (Nov. 1920). “Breeding Cereals for Increased Production.” 

Joum. of ihe Farmers^ Club, Part vi. 

(41) Collins, G. N. “Correlated Characters in Maize Breeding.” Joum. Agric. Res. 

6 ( 1 ). 

(42) Kibsselbaoh, T. A. (1922). “Ear Type Selection and Yield of Dent Corn.” 

Joum. Amer. Soc. Agric. 14. 

(43) Bbbkohley Winifred, E. and Jackson, Violet G. (1921). “Root Develop- 

ment in Barley and Wheat under Different Conditions of Growth.” Ann. 
Bot. 36 . 



F. L. Engledow and S. M. Wadham 


345 


(44) Jaokson, Violbt G. (1922). “Anatomical Structure of the Roots of Barley.” 
Ann, Bot, 36. 

(46) Balls, W. L. (1914). “The Pre-determination of Fluctuating Characteristics.” 
Proc, Ccmh, Phil, 8oc, 

(46) Balls, W. L. and Holton, F. S. “Analyses of Agricultural Yield.” Phil, Trans, 

Roy, 8oc, B. 206 and 208. 

(47) Backhouse, W. 0. “The Inheritance of Glume-length in Tritieum polonicum — 

A Case of Zygotic Inhibition.” Journ. Genetics, 7. 

(48) Engledow, F. L. (1920). “The Inheritance of Glume-length and Grain-length 

in a Wheat Cross.” Journ, Genetics, 10. 

(49) Balls, W. L. (1909). 8tudie8 of Egyptian Cotton, 

(60) Gboth, B, H. a. Bulletins of the New Jersey Exp. 8ta. Nos. 228, 238, 239, 242, 

278. 

(61) Burtt-Davy, J. (1912). “Observations on the Inheritance of Characters in 

Zea Mays (Linn.).” Trans, Roy, 8oc, 8, Africa, 2. 

(62) Richey, F. D. (1922). “The Experimental Basis for the Present Status of Corn 

Breeding.” Journ, Amer, 8oc. Agron, 9. 

(53) Gaines, E. F. (1920). “Inheritance of Resistance to Bunt of Wheat.” Journ, 
Amer. 8oc. Agron. 12. 



THE DETERMINATION OF THE NUMBER 
OF BACTERIA IN SOIL. 


II. METHODS FOR THE DISINTEGRATION OF SOIL AGGREGATES 
AND THE PREPARATION OF SOIL SUSPENSIONS. 

By C. L. WHITTLES, Ph.D., 

School of Agriculture, Cambridge, 

(With Six Text-figures.) 

In an earlier paper the author has described some experiments which 
showed that a vibratory treatment of a soil suspension resulted in a 
disintegration of soil aggregates which resisted the action of ordinary 
shaking, the method being considered more especially in relation to its 
application to the determination of the number of bacteria in 8oil(20). 
As the problem involved appeared to be fundamentally identical with 
that of the preparation of a suspension of a soil sample for mechanical 
analysis, it was decided to postpone further bacteriological work till 
after the effects of vibration had been examined physically. 

The question of the preliminary treatment of a sample of soil for 
mechanical analysis has now become of greater importance, as a result 
of recent advances in analytical methods. Great interest was displayed 
in the subject both in England and in America some ten years ago, but 
since then little has appeared in English until recently when Joseph and 
Martin ( 7 ) advocated the adoption of the method of Beam ( 2 , 3 ). On the 
other hand a considerable amount of work has been done on the Continent 
which appears to have been overlooked, doubtless owing to the difficulty 
and delay experienced in obtaining literature from abroad. 

Atterberg(i), who makes use of Beam’s Method, mixes the weighed 
sample of soil in a small round-bottomed porcelain dish with as much 
water as is required to give a thick paste. This is carefully worked with 
a stiff brush so as to disintegrate the soil aggregates as thoroughly as 
possible, and then gradually diluted, the working with the brush being 
continued during this operation. 

At a meeting of the ‘Tnternationalen Kommission fur die mechan- 
ischen uud physikalischen Bodenuntersuchung ” held in Berlin in October 
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1913(18), a resolution was passed to the effect that the question required 
further investigation, more especially in a comparison of the methods of 
shaking and of triturition. The investigations of Hissink, which were 
briefly reported at this meeting, are discussed later. 

NovAk (13) describes the method in general use in Germany and admits 
that it is not satisfactory. 

Richter (16) compares several methods and, on the whole, prefers 
Hissink’s modification of the method of Beam (5, 18). 

Kappen(8) draws attention to the flocculating and coagulating effect 
of ferric hydroxide. 

Ehrenberg and van Zyl(4), in an investigation of the finer crumb 
structure of a soil, compared the effects of shaking samples in their 
natural moist condition and after air-drying. They found that prolonged 
shaking (up to 9 hours) with distilled water gave smaller quantities of 
the clay fraction in the dried samples than in the fresh samples. It is 
surprising that they obtained such well-marked differences, as one would 
have expected the effects of air-drying to have disappeared to a large 
extent during the process of separating the fractions by Atterberg’s 
Method. 

Koettgen(9) gives a general account of the methods in use, and advo- 
cates shaking so as to eliminate the personal error involved in triturition. 

Nolte(i2) compares the effect of boiling, and also gives the results 
obtained by van Zyl in a comparison of triturition with a pestle, the 
finger, and of shaking. 

Oden (14) compares various treatments and concludes that the method 
of Beam-Atterberg is satisfactory, provided that the paste is either 
allowed to settle or is centrifuged so as to admit of a second* careful 
treatment with the brush. The diluted suspension in iV/100 ammonia 
is then shaken in a shaking machine for 24 hours. 

Elsewhere Oden (16) ascribes alleged variations in many of the pro- 
perties of clays to the presence of aggregates. 

Hissink (5) has recently published a full account of his investigations 
which were first reported at the Berlin conference. It would appear that 
a fairly satisfactory degree of disintegration is attained by means of the 
brush method of Beam. Hissink separated the clay fraction by means 
of water. The residue was again worked up with the brush and the clay 
again separated by means of water, this operation being repeated ten 
times, after which only traces of clay remained. Further, he found that 
a preliminary treatment with dilute acids causes a reduction in the clay 
content. From the data given it would appear that this effect is due to 
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a coagulation of the smaller particles into aggregates, and not to a 
solvent action of the acid. 

Konig and Hasenbaumer (lO) report experiments in which they com- 
pare the effects of shaking for 1, 2 and 3 hours with triturition in water, 
with boiling in dilute ammonia, and with boiling followed by triturition. 
They conclude that shaking alone is not sufficient and recommend boiling 
for 1 hour followed by triturition. The differences obtained are much 
smaller than those found by Hissink. 

Joseph and Martin ( 7 ) advocate the use of sodium carbonate solution 
in place of ammonia, and a camel-hair brush for puddling the clay instead 
of a rubber pestle. The period of shaking is also reduced. 

Robinson ( 17 ) shakes for 2 to 4 hours in an end over end shaker (rate 
not given), using sodium carbonate for raw clays, but ammonia for soils 
containing much organic matter. 

Jennings, Thomas and Gardner (6) find that 2 hours’ shaking with 
sodium carbonate solution is insufficient to deflocculate certain soils 
and that oven-dried soils deflocculate more slowly than air-dried soils. 

Zunker(22) shakes for hours in an end over end shaker with N/IO 
ammonia. 

Since in the newer methods of analysis it must be assumed that all 
aggregates have been disintegrated in the preliminary treatment, the 
problem of obtaining a satisfactory suspension is of paramoimt import- 
ance. In the older (beaker) methods where the fractions are separated 
out and collected, it is, apart from the saving in time, a matter of in- 
difference as to whether disintegration of aggregates is completed during 
the preliminary treatment or whether it is brought about gradually 
during the separation of the clay fraction, providing that it is complete. 
The work of Hissink would seem to throw grave doubts as to whether this 
is always as complete as is generally believed. This would explain the 
disparities between the analytical results of different workers working 
on the same soil to which the author has drawn attention elsewhere ( 19 ). 

If the suspension is required for mechanical analysis alone, the 
duration of the preliminary treatment is merely a matter of convenience, 
but if bacterial counts are contemplated the time factor cannot be 
neglected. In addition, the use of ammonia, boiling or any other treat- 
ment which would exert a sterilising action is obviously prohibited. 

Scope of present worh 

In the earlier work the soil suspension was subjected to a vibratory 
treatment by means of the clapper of an electrical bell, and suffered from 



C. L. Whittles 


349 


the disadvantage that neither the frequency nor the amplitude of 
vibration was known. For further work it was considered necessary to 
have an arrangement by which these could be controlled and varied at 
will. It was also considered desirable that the strength of blow delivered 
should be capable of measurement in some way so as to at least define 
the actual conditions. An apparatus has been designed and made which 
promises to fulfil most of these requirements, and is described below. 
A certain amount of work has been done, which, although of a preliminary 
nature, clearly gives distinct evidence that a vibratory treatment is of 
service in the disintegration of soil aggregates. 



Description of the Vibrator, 

This apparatus was made by Messrs W. G. Pye & Co. to generate a 
known number of vibrations at the base of a glass cylinder (Fig. 1). The 
motive power consists of a massive double drum gramophone motor 
which has a range of speed of from 80 to llOr.p.m. approximately. 
Mounted on the main spindle of this motor is a hardened steel toothed 
wheel A which operates a lever pivoted at B, which in turn delivers the 
vibrations to the celluloid diaphragm at the base of the glass cylinder C. 
The amplitude of this lever is governed by the micrometer screw Z), 
and the movement can be read on the scales E and F. The strength of 
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blow is governed by the spring plunger H, which in turn is governed by 
a screw /, the tension being measured on scales J and K. Three wheels A 
are supplied having 26, 60 and 100 teeth respectively, so giving a large 
range of vibrations which can be calculated from the r.p.m. of the motor, 
this being obtained by the revolution counter L fitted at the side of 
the toothed wheel A, Three striker weights M are supplied weighing 
1, 2 and 6 grammes respectively, this also varying the strength of blow. 
The table N is made adjustable, giving the required latitude to the glass 
cylinder when setting up the apparatus. Mounted at the top of the glass 
cylinder is a clamp 0 which rigidly holds the cylinder in position during 
the course of the experiment. 

Adjustments and Control of Amplitude, 

The movable stop D is adjusted so that the lever just makes contact 
with the toothed wheel A while the motor is running, and the readings 
on the scales E and F noted. The stop D is then raised by an arbitrary 
amount (A^), and the table N is then adjusted so that the striker weight M 
just makes contact with the celluloid membrane. It is important that 
the liquid should have been placed in the cylinder before this is done, 
since the downward pressure of the liquid in the vessel distorts the 
membrane to an appreciable extent. The stop D is then again raised by 
a definite amount (Ag), which must not be so great that the lever ceases 
to make contact with the stop. Hence the amplitude of the point on the 
lever opposite the stop is equal to (Aj -}- Ag), and since the distances of 
the pivot from the stop and from the striker weight can be measured, 
the amplitude of the striker weight can be calculated. This involves the 
assumption that the lever does not bend appreciably while it is vibrating. 
It cannot be assumed that the amplitude of vibration of the membrane 
is equal to that of the striker weight; it is probably considerably less. 
On the other hand it is presumed that these adjustments are sufficient 
for the present to give conditions which are clearly defined and which 
are reproducible. 

Strength of Blow, 

This will be governed by : 

(i) Velocity of the striker at the instant of impact, and thisdepends on : 

(а) The distance of the striker at its lowest position, i,e, at the 
instant at which it is released from a tooth, from the membrane. 

(б) The pressure exerted by the spring plunger H, 

(c) The mass of the striker weight. 

(ii) The mass of the striker weight. 
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Up to the present this aspect of the apparatus has not been con- 
sidered, care only having been taken to maintain uniform conditions. 
It is thought that it should be possible to calibrate the arrangement 
here described so that the conditions may be exactly defined, but this 
requires further investigation. A difficulty has arisen in connection with 
the spiral springs used in the spring plunger H, as they become per- 
manently shortened as a result of the hard treatment to which they are 
subjected. 

AN EXPERIMENTAL STUDY OF DISINTEGRATION BY THE 
VIBRATION METHOD. 

I. Results Expressed as Summation Percentages 
OF “Sediment Weights.” 

For obvious reasons measurement of the degree of disintegration of 
soil aggregates under different treatments cannot be made by the beaker 
method of mechanical analysis. Further, for the preliminary work, the 
employment of either the “accumulation curve” method of Oden(J4), 
Wiegner(2i) or the depth-concentration method of Robinson (17) appeared 
unnecessary; the former necessitates a somewhat tedious mathematical 
treatment and the latter may present experimental difficulties with 
very dilute suspensions. Since the percentage of the finer fractions will 
increase with the efficiency of the disintegration treatment the following 
method was tentatively adopted as suitable. 

The Sediment Weight Method. 

Two gramme samples of the soil were vibrated for definite periods at 
various amplitudes and frequencies in 100 c.c. of a 0-025 per cent, 
solution of sodium carbonate. The glass cylinder, which bore a mark at 
the 10 cm. level, was then filled up to the mark with the sodium carbonate 
solution, and after inverting two or three times to break up the muddy 
cake that had been formed at the bottom of the vessel, the turbid liquid 
was allowed to settle for 30 seconds, and then carefully decanted into a 
glass tube, the lower end of which was closed by a celluloid cap. These 
tubes were about 40 cms. high and about 5 cms. in diameter, and bore 
a mark at the 30 cm. level measured from the cap. Rubber bands were 
used to ensure a water-tight joint as with the vibrator vessel. The 
vibrator vessel was again filled up to the mark with the solution, mixed 
by inverting as before, and again decanted after 30 seconds’ sedimenta- 
tion. These operations were repeated. It was found that three washings 
were sufficient to remove the greater part of the finer particles, and it 
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was desired that the treatment should be as brief and as gentle as possible 
in order to avoid any further disintegration of the aggregates and also 
to avoid an excessive dilution of the suspension. 

The cap was then removed from the vibrator vessel and the residue 
washed into a weighed porcelain crucible, together with any particles 
that remained adherent to the walls of the vibrator vessel. The surplus 
liquid was poured olf and the crucible and its contents dried in the steam 
oven for 24 hours, and weighed after cooling in a desiccator. 

The turbid liquid in the large tube was made up to the 30 cm. mark 
with sodium carbonate solution, mixed by inverting several times and 
then allowed to settle for 5 minutes. The supernatant liquid was then 
removed by siphoning through a platinum rose into a filtering flask under 
reduced pressure. By starting the siphon about half a minute before the 
appointed time and keeping the rose just below the surface of the liquid, 
it was found possible to complete the operation at the desired instant 
and to remove the liquid to witliin a few millimetres of the cap without 
disturbing the sediment. The cap was then carefully removed and the 
remainder of the liquid added to that in the flask. A fresh cap was fitted 
and the liquid in the flask returned to the tube, and again made up to 
the mark if necessary. The sediment on the cap was washed into a small 
crucible, dried and weighed. 

This procedure was repeated for longer periods of sedimentation, 
the height of the column being increased if necessary so as to give a 
convenient time for siphoning, as shown in Table I. 

Finally the particles still remaining in suspension were precipitated 
by the addition of acid, collected on the cap, washed into a crucible, 
dried and weighed. 

Table I. 


Height of 

column Time of sedimentation 


cm. 

sec. 

h. 

m. 

s. 

10 

30 

0 

0 : 

30 

30 

300 

0 

5 

0 

30 

900 

0 

15 

0 

30 

3,000 

0 

50 

0 

30 

9,000 

2 

30 

0 

30 

30,000 

8 

20 

0 

30 

90,000 

25 

0 

0 

32-4 

324,000 

90 

0 

0 

34*2 

342,000 

95 

0 

0 

36 

360,000 

100 

0 

0 


T, Depth , Depth 

Ratio Log ratio 


•33 

1-6227 

•10 

I-O 

•033 

5-6 

•010 

2-0 

0033 

3-6 

•0010 

3-0 

•00033 

1-6 

-00010 

1-0 

•00010 

10 

•00010 

1-0 


It will be obvious that the earlier sediment will contain the bulk of 
the coarse particles and aggregates, and that the more effective the 
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disintegration treatment, the smaller will be the weight of these sedi- 
ments, and the greater the weight of the later ones. If we regard the 
original suspension as composed of a large number of fractions, each having 
a definite concentration, it is a simple matter to express each of the 
sediments in terms of the original partial concentrations of these fractions, 
but one cannot readily deduce the actual proportions of the fractions 
originally present. However, on plotting the summation curve of the 
sediment weights, a very manageable type of curve is obtained, by which 
the degree of disintegration attained can be readily compared (Fig. 2). 

Experimental. 

Material employed. 

In some preliminary experiments the effects of vibration on a soil 
that had been stored in the laboratory in an air-dry condition for about 
two years were examined. In order to obtain as uniform samples as 
possible this was passed through a 1 mm. sieve and the fine portion 
rejected. The coarse portion was then passed through a sieve made from 
the wire gauze used with Bunsen burners. This had square meshes 
approximately 2-5 mm. by 2-5 mm. The coarse portion which did not 
pass through this sieve was gently crushed with a wooden pestle in a 
mortar, and again sieved as before. In this way a large quantity of 
material was obtained in the form of hard dry grains averaging about 
2 mm. in diameter. 

As will be seen later, this soil, a Wenlock Shale from near Shrewsbury, 
is quite exceptional; the fractions Fine Gravel and Coarse Sand obtained 
by the beaker method are found on microscopic examination to resemble 
a miniature conglomerate. Since this probably represents one of the 
most resistant materials that is likely to be encountered, it was thought 
that it would serve as a good test of the various treatments. 



Table II. 

Mean % 

Standard deviation 

Fine gravel 

12-7 

2-4 

Coarse sand 

5'2 

0*75 

Fine sand 

8-4 

1-6 

Silt 

26-8 

2*3 

Fine silt 

22*7 

1-2 

Clay 

12*5 

1*4 

Moisture... 

l‘G4 

116 

Loss on ignition 

7-20 

0-90 

Calcium carbonate 

010 

006 


The mean results of mechanical analyses by the beaker method of 
the 19 original samples from which the above composite material was 
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obtained are given in Table II, and that of the composite itself after 
thorough triturition in a mortaw with a rubber pestle will be found in the 
Appendix. 

The Influence of Frequency. 

Two gramme samples of the material described above were weighed 
out and dropped into 100 c.c. of a 0*025 per cent, solution of sodium 
carbonate in the vibrating vessel, and then vibrated at various frequencies, 
for 10 minutes in Series I and for 20 minutes in Series 11. The liquid 
was not stirred. The 1 gramme striker weight was used, and the ampli- 
tude of the lever at the stop was 0*50 mm. 

The resulting suspension was then examined by the method described. 
The summation percentages of the sediment weights were as follows : 


Table III. 

The Influence of Frequency Various Treatments 

Series I Series II Series III 


Lab. No . . . 

. (10) 

(15) 

(16) 

(18) 

(19) 

(12) 

(17) 

(20) 

(24) 

(26) 

(27) 

(25) 


Vibrated for 10 minutes at 

K 

Vibrated for 

20 minutes at 



§ 

iw. 

*0 

a> 

fi 

-sS g 

3 >• o 

Triturated 
in ammonia 
(3 weeks) 

2060 

2773 

3905 

4855 

5490 

2080 

4920 

7940 

w © 

H o 

H cs3 

T-5 

97-0 

98*8 

08*4 

99*4 

99-8 

100*6 

97*6 

98*6 

99*7 

98-8 

98*4 

92*9 

To 

18-2 

19*0 

24-1 

29-5 

37*5 

26*0 

37*6 

26*6 

73-4 

80*1 

84*0 

86*2 

3-5 

11*8 

12*7 

16*0 

20*3 

26-8 

17*0 

27*2 

17*9 

51*5 

55-5 

59*0 

66*() 

20 

7-0 

8-3 

11-2 

13-6 

17*2 

11*8 

19*0 

12*0 

33*2 

360 

39*7 

48*4 

3-5 

4-9 

5-3 

7*2 

8*7 

10*9 

8*3 

13*2 

7*7 

21*1 

21*9 

25*4 

34*1 

3-0 




Not determined 




15*0 

17*9 

23*7 

4.5 

31 

3*7 

4*8 

5*5 

6*9 

5'2 

8*6 

4‘8 

11*3 

9*6 

11*7 

15*7 

4-0 

1-1 

1*5 

2*0 

2*2 

2*3 

1*9 

3*1 

1*8 

4*4 

60 

7*6 

10*2 

rpt’d res. 

0*5 

0*6 

0-9 

1*0 

1*0 

1*0 

1*6 

0*8 

2*2 

3*4 

4*7 

6*5 


In the first series the degree of disintegration increases regularly 
with the frequency. On the other hand in the second series a still higher 
frequency is less effective. In other experiments it was found that a 
greater effect was produced with frequencies of about 6000 or 10,000 
vibrations per minute than with intermediate ones. This is probably 
due to resonance, and may also possibly be connected with the natural 
period of the membrane itself. It is also probable that the amplitude 
compheates the question, as it is doubtful whether the full amplitude 
was attained in No. 20. 
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Various 'Treatments. 

Two gramme samples were subjected to the following treatments 
and the suspensions examined as before: 

( 24) Shaken by hand as vigorously as possible for 10 minutes, in a small conical flask of 
about 250 c.c. capacity. 

(26) Triturated gently to a cream with a porcelain pestle in a porcelain mortar, avoiding 
grinding as far as possible. 

(27) As in (26), followed by 10 minutes’ vibration at 10,000 vibrations per minute. 1 gm. 
striker weight. Amplitude of lever at stop 0-3 mm. 

(25) Triturated in a small beaker with dilute ammonia, at intervals daily for 3 weeks 
with a pestle made by mounting a rubber bung on a glass rod. 

The results are given in Table V. 

Hand-shaking is clearly a distinct advance on vibration alone, but 
is not so effective as triturition, while a further vibration, even for 
10 minutes, results in a further destruction of aggregates. Assuming that 
three weeks’ triturition with ammonia effects a complete reduction to 
prime particles, it seemed as if there was a possibility of this result being 
attained in a reasonable time by a combination of triturition and a 
rather longer vibration. 

Table IV, 


Series V. Vibration after triturition 
Series IV. Vibration after triturition Vibrated 1 hour at 10,000 per minute 


Lab. No. (60) 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 

(70) 

(71) 

(72) 

(73) 

(74) 

(75) Mean S.D. 

. depth 

Time vibraUid (minutes) 










10 

20 

30 

40 

50 

60 

80 









1-5 98-8 

95-9 

95-7 

97*7 

94*4 

97*3 

96*7 

98*4 

100-2 

100*6 

97*1 

98*9 

101*3 

99*4 

1*4 

T*() 77-9 

87*1 

91-3 

84-1 

86-2 

921 

85-9 

85*7 

89*2 

90*7 

88*8 

92*3 

90*5 

89*5 

2*1 

2-5 54-5 

63-8 

68-6 

60-9 

64*3 

66*6 

63*9 

57*0 

60*8 

65*4 

6-1*5 

70*2 

66*3 

64*0 

4*2 

2-0 35-8 

45-G 

441 

39'5 

46-7 

44*0 

43*9 

37*1 

38*9 

43*3 

43*0 

50*2 

45*4 

42*9 

4*3 

3-5 23-9 

30-6 

30-9 

25-3 

3()-8 

28*8 

30*2 

26*5 

25*0 

28*5 

28*0 

35*7 

29*1 

28*8 

3*3 

3 0 160 

20-5 

20-8 

17*5 

20*5 

19*4 

21*0 

17*2 

16*2 

17*3 

18*1 

26*4 

19*5 

19*1 

4*3 

4*6 9 6 

12-9 

12*6 

10*8 

12*5 

11*3 

13*6 

9*0 

9*5 

10*9 

10-8 

19*2 

12*6 

12*0 

3*4 

40 5-2 

8-1 

5*0 

5*5 

6*0 

6*3 

8*1 

5*6 

5*5 

6*8 

6*6 

13*5 

8*9 

7*8 

2*8 

Ppt’d res. 2-2 

3-9 

3*1 

3*3 

3*8 

3*7 

4*8 

3*2 

3*2 

4*2 

3*8 

9*0 

6*6 

5*0 

2*1 


Triturition followed by Vihraiion. 

In Series IV the striker weight was 5 gm., the amplitude of the 
lever at the stop 0-50 mm. and the frequency 5000 vibrations per minute. 
The results obtained, which are given in Table IV, are by no means 
satisfactory. It is clear that 10 minutes is not suflB.cient, but no other 
conclusion could be drawn. 

In Series V an attempt was made to determine the amount of agree- 
ment that would be given by a set of six parallels. A mechanical stirrer 




Fig. 2. Comparison of treatments by the Sediment Weight method. 

(N.B. Curve of No. 24 between I'O and 3*6 is not strictly comparable, as sediment for 5*0 

was not determined.) 
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was used to prevent the accumulation of a thick cake on the membrane. 
The frequency was raised to 10,000 vibrations per minute. The 2 gm. 
striker weight was used, the amplitude was 0*5 mm. It will be seen that 
a very fair agreement is obtained with Nos. 70 to 73, but No. 74, a very 
turbid suspension, has obviously undergone more disintegration than 
was attained with any of the previous experiments, with the possible 
exception of No. 25, in which there is a loss of 7 per cent. No. 75 was 
almost as good a suspension, a fairly close agreement being found between 
the sediments after ignition {e.g. the precipitated residues weighed 0*129 
and 0*112 gm. respectively). At the time, no explanation could be found 
for the increased disintegration. 

Table V. 


Series VI. Vibration after triturition 
Vibrated 1 hour at 4000 vibrations per minute 


Lab. No. 

(76) 

(77) 

(78) 

(79) 

(80) 

(81) 

Mean 

S.D. 

Log^^P^* 

time 









]«5 

98*3 

970 

98-4 

98*6 

990 

98*8 

98-4 

0*6 

To 

82-6 

80-1 

81-6 

83-5 

80-8 

82-3 

81-9 

M 

2*5 

541 

540 

48-8 

54-3 

590 

55-8 

54-5 

3-3 

20 

34-6 

351 

32-5 

30-6 

39-7 

35-5 

350 

2*2 

5-5 

21-7 

21*2 

205 

23-2 

251 

22-4 

22-3 

1*5 

30 

140 

13*4 

13-2 

151 

15-7 

13-3 

14-2 

10 

4‘5 

7*9 

8-4 

7-6 

8-3 

91 

80 

8*2 

0-5 

io 

40 

4-9 

4-5 

4-7 

5-3 

4-7 

4*7 

0-3 

Ppt’d res. 

2-5 

2-8 

2-4 

2-8 

3-2 

2-8 

2-7 

03 


Series VI is a repetition of the last experiment at a lower frequency. 
Although the degree of disintegration attained is lower, there is much 
closer agreement between the replicates. 

On account of the difficulty of interpreting the results of the Sediment 
Weight Method, it was decided to continue the investigation by Robinson’s 
Method, if significant differences could be obtained. 

II. Robinson’s Method. 

The following procedure was adopted for sampling: The pipette, 
fitted with a large cork and adjusted for depth as described by Robinson, 
was placed in communication with a filtering flask by means of a length 
of ordinary connection rubber-tubing. The filter flask was fitted with 
two small glass tubes; one served for the rubber tube connected with the 
pipette, the other placed the flask in free communication with the air, 
so that unless this was closed with the finger, there was no reduction of 
pressure in the pipette. The side tube of the filter flask was connected 

Joum. of Agrio. SoL xiv 
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with a filtering pump as usual, but the pump was only allowed to run 
slowly. About 10 seconds before the appointed time, the rubber tube 
above the pipette was pinched between the finger and thumb and lowered 
into position, and the glass tube closed with a finger of the other hand. 
Five seconds before the appointed time the pressure on the rubber tube 
was relaxed so that the liquid rose slowly in the pipette. When the 
pipette was full (this generally took about 10 seconds), the rubber tube 
was again pinched, and the finger removed from the glass tube. The level 
was adjusted if necessary, and the sample delivered into the weighed 
dish. It is not claimed that in this way there was no disturbance, but the 
operation was under better control than could be attained by the mouth. 

Triturition with a Rubber Pestle and the Influence of the Rate of Wetting. 

A rubber pestle was made by filing down a large rubber bung to the 
shape of an ordinary pestle, and mounting it on a glass rod which served 
as a handle. It was found that the removal of the hard vulcanised skin 
of the bung gave an instrument which was far more efficient in breaking 
down the hard crumbs than either an ordinary pestle or an untreated 
rubber bung. 

In searching for an explanation of the high degree of disintegration 
attained in No. 74, it was decided in Series VII to compare the effects 
of moistening the sample fairly rapidly to a cream with the effects of 
moistening it very slowly. The resultant suspensions were examined 
by Robinson’s Method, and the results obtained are given in Table VI. 
It would appear to be established from this experiment that the rate of 
wetting is a significant factor on the degree of dispersion that will be 
attained in the preparation of a suspension. It was concluded that this 
was the probable explanation of the result obtained in No. 74. 

Table VI. 


Series VII. Triturated with Rubber Pestle only Series VIII. Triturated with Rubber Pestle, 

moistened slowly; then vibrated for 1 hour at 
Moistened rapidly Moistened slowly 10,000 vibrations per minute 


<ab. No. 

(85) 

(86) 

Mean 

(87) 

(88) 

Mean 

m 

(91) 

(92) 

(93) 

(94) 

(95) 

Mean 

S.D. 

depth 















time 















I-O 

81 

75 

78-0 

80 

75 

77-5 

80 

91-6 

78-8 

81-0 

82-8 

81-2 

81-0 

1-3 

5-5 

60 

55 


60 

61 

60-5 

56 

71-0 

65-0 

64-0 

67-0 

66-0 

65-0 

4-5 

20 

38 

40 

390 

43 

45 

440 

52 

48-8 

48-8 

61-0 

49-5 

51-0 

50-0 

1*2 

56 

32 

25 

28-5 

35 

36 

35-5 

37 

371 

38-0 

38-0 (31-0) 

41^ 

38-0 

]-5 

5*0 

25 

16 

20-5 

25 

27 

26-0 

29 

29-8 

31-4 

31-4 

300 

37-0 

31-0 

2-7 

2-6 

16 

10 

12-6 

20 

19 

19-5 

? 

26*6 

26-0 

24-0 

25-5 

(20-8) 

26-5 

0-9 

i-0 

9 

8 

8*6 

11 

12 

11-5 

— 

19-1 

20*6 

21-6 

20-6 

20-8 

20-5 

0-8 

5-6 

4,4 

3,6 

4-25 8, 11 

8, 9 

90 

6 

7*4 

10*8 

8-6 

6-9 

7-0 

7*8 

1-6 
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Triturition with a Rubber Pestle with slow moistening, followed by Vibration. 

Although the result obtained in the last experiment was comparable 
with that given by the beaker method of mechanical analysis, the material 
was so excej)tional that it was considered advisable to test the effect of 
vibration after triturition. The results obtained from a set of six parallels 
in Series VIII gave a clay content of 20 per cent, as compared with 
1 1 per cent, with triturition alone. As will be seen on reference to Table VI, 
the agreement between replicates is satisfactory. 

A comparison of various preliminary treatments was then made by 
Robinson’s Method on the Wcnlock Shale material, a Lias soil from 
Kesteven (Great Gonerby Moor), a Coal Measure soil, and a Buttery Clay. 

The treatments adoy)ted were as follows : 

IX. 2*5 gramme samples were triturated with a rubber pestle, the sodium carbonate 
solution being added very slowly. The suspensions were then vibrated for one hour, 
being stirred at intervals during this treatment. 

X (a). As in IX, but 10 gramme samples were taken. 

X (6). The samples were allowed to stand for one hour in contact with A^/r> hydrocihloric 
acid as in the English beaker method. Tliey were then transferred to a filter and 
washed with distilled water until the washings were neutral to litmus paper. Th(? 
rtisiducs were then worked uj> with the rubber pestle and vibrated for one hour in 
the sodium carbonate solution. 

XL The samples were moistened very slowly during the vibration treatment, only 
10 c.e. being added during the first hour. 

XII. Triturated only. 20 gramme samj>les were triturated in a mortar with a rubber 
])e8tle, the sodium carbonate solution being added very slowly during this operation* 
The cream so obtained was gradually diluted and made up to a litre. 

XIII. Triturated in acid. 20 gramme samples were triturated in N/^ hydroeliloric acid 
with a rubber i) 08 tle, the acid being added very slowly. After they had been in 
contact with the acid for an hour, they were thrown on to a filter, and washed with 
distilled water until the washings were neutral to litmus paper. The residues on 
the filter paper wore then su.sjx»nded in the sodium carbonate solution without 
further triturition or prolonged shaking. 

XIV. 20 gramme samples were dropped into N/5 hydrochloric acid where they were 
allowed to remain for one hour. They were then washed with distilled water until 
the washings were free from acid as before. The residues on the filter paper were 
then carefully triturated with a rubber pestle, the sodium carbonate solution being 
added very slowly, and were finally made up to a litre. 

An examination of the results obtained (Table VII and Figs. 3 — 6) 
shows that treatment VIII or IX gives the highest degree of disintegra- 
tion in each of the four soils examined, the increase being most marked 
in the case of the rather exceptional Wenlock Shale material. The in- 
creased dispersion resulting from vibration after triturition as compared 
with triturition alone, revealed by a comparison of IX and XII, is very 
great in the Wenlock Shale and in the Lias, but is not shown in the 
other soils to such a great extent. 


24—2 
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Table VII. 


Lias. 


Lor I®?*'*' 
time 

IX 

X(a) 

X{b) 

XI 

XII 

XIII 

XIV 

I-O 

65*9 

68*8 

65*8 

63*5 

62*5 

59*5 

66*3 

2.5 

60*3 

(i5*0 

63*0 

55*6 

58*5 

56*8 

63*0 

2-0 

66*7 

61*0 

57-5 

48*7 

50*0 

49*8 

58*0 

:^-5 

51*7 

52*3 

51*8 

40*7 

37*8 

45*8 

49*8 

3-0 

46*0 

49*3 

44*3 

33*3 

34*3 

42*3 

43*8 

1-5 

14*0 

44*0 

43*0 

24*2 

28^3 

40*0 

43*5 

4-0 

39*7 

37*5 

38*0 

14*8 

19*75 

36*8 

38*3 

time 

IX 

X(a) 

Coal Measures, 

X ib) XI 

XII 

XIII 

XIV 

10 

37*8 

28*5 

28*8 

32*2 

28*8 

30*5 

32*5 

2-5 

29-4 

28*5 

25*3 

24*5 

23*8 

21*3 

25*5 

20 

24*0 

18*5 

19*8 

17*6 

18*8 

16*8 

16*3 

3-5 

21*0 

16-0 

17*0 

14*8 

17*5 

16*8 

16*3 

3-0 

18*0 

10*8 

16*3 

? 

16*3 

14*5 

13*0 

4-5 

16*8 

9*8 

13*8 

8*8 

13*8 

13*3 

11*8 

5-0 

14*4 

9*0 

11*0 

4*7 

11*3 

6*3 

10*8 

Log 

time 

IX 

X(a) 

Buttery Clay, 

X ib) XI 

XII 

XllI 

XIV 

t-O 

66*4 

75*3 

61*5 

61*3 

67*5 

58*5 

62*5 

2-5 

41*7 

56*5 

47*0 

44*3 

54*8 

4<5*3 

42*0 

2-0 

40*8 

40*8 

35*3 

33*5 

38*5 

34*0 

31*3 

3-5 

32*9 

36-0 

27*3 

28*6 

33*0 

27*5 

24*3 

5-0 

28*8 

30*8 

21-8 

23*1 

28*5 

24*8 

20*5 

4-6 

24*1 

24*8 

15-5 

13*2 

24*3 

18*0 

12*8 

i-0 

20*0 

20*5 

11*3 

12*4 

20*8 

15*3 

12*8 

Log'’®P^ 

time 

VII (a) 

Wenlock Shale Material, 

VII (6) VIII XI XII 

XIII 

XIV 

lo 

78*0 

77-5 

81*0 

62*0 

90*5 

74*3 

76*3 

25 

58*0 

60*5 

65*0 

50*0 

64*3 

56*3 

56*3 

2-0 

39*0 

44*0 

50*0 

35*2 

44*0 

41*8 

40*0 

3-5 

28*5 

35*5 

38-0 

24*8 

34*3 

28*5 

24*3 

3-0 

20-5 

26*5 

31*0 

17*4 

25*3 

210 

17*8 

4-5 

12*5 

19*5 

25*5 

12*4 

16*8 

16*0 

12*3 

40 

8*5 

11-5 

20*5 

7*0 

11*8 

9*5 

7*0 


The addition of acid treatment was apparently without effect on the 
Lias, but caused an undoubted reduction in the content of finer fractions 
in the Buttery Clay. The result in the case of the Coal Measure is rather 
contradictory. Acid apparently halves the clay content in the non- 
vibrated set (comparing XII and XIII), but this effect is destroyed if 
the acid treatment is followed by triturition in soda (XIV). On the other 
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VIII Mean of (90 -95) Radius of circle 
VII (h\ “ standard deviation 

"^Moisten slowly j 

XIII Acid (Triturated) / ^ 

VII (a) Moistened rapidly / / 

XIV Acid (Triturated in soda) / I*) 


XI Vibrated only 









364 The Determination of the Number of Bacteria in Soil 


100 n 



60-1 


Vibrated IX, X(o) 

Triturated XII 

IX Triturated Vibrated 

- ■ Acid (Triturated) XIII 

Acid (Triturated in soda) XIV 

— Acid (Vibrated) X(b) 

XI Vibrated only 
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hand, the clay content is still below that given in IX, with which X (a) 
does not agree very well. It is thought that the higher concentration 
employed in X (a) may have caused a certain amount of flocculation. The 
duplicates in IX showed good agreement. 

It was thought that by combining slow moistening with vibration, 
it might be possible to obtain a satisfactory degree of dispersion without 
triturition. This would have had the great advantage of eliminating the 
personal error involved in triturition. Treatment XI shows clearly that 
triturition cannot be dispensed with in the case of heavy soils. 

Triturition alone without vibration (XII) appears to be satisfactory 
in the case of the Buttery Clay and also possibly in the case of the Coal 
Measure soil, but fails with the Lias. 

GcMeral Discussion. 

The line of reasoning which led to the elaboration of the method of 
Series VIII and IX has been given in detail in the description of the 
experimental work and need not be repeated here. There are, however, 
a few points which deserve further consideration. 

The problem of frequency of vibration still requires a great deal of 
investigation. In the only experiments which have been reported here 
in this connection (Series I and II) the material consisted initially of 
uniformly large particles, which, as they were gradually disintegrated, 
must speedily have given rise to a mixture of particles of all sizes, the 
larger ones still predominating. 

It would appear to be probable that a different range of frequency 
would be most effective in breaking up aggregates of different sizes, 
and from the results obtained with hand shaking it would appear that 
with large aggregates a low frequency is more effective than a high one. 
This point was examined qualitatively in the following way. Some of the 
hard resistant aggregates which remained on the 100 mesh sieve in the 
ordinary beaker method of mechanical analysis were placed in the 
vibrating vessel with water, and vibrated. The frequency was varied 
throughout the available range, i.e. from 2000 to 2750, from 4000 to 5500, 
and from 8000 to 11,000 vibrations per minute, the behaviour of the 
particles being observed very carefully at all frequencies. It was found 
that the cloud of fine particles which ascended from the dancing aggregates 
was certainly more voluminous and darker in colour at the higher 
frequencies. As the governor of the gramophone motor did not admit 
of more than 11,000 vibrations per minute, the investigation of still 
higher frequencies has been postponed for the present. 
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A comparison of the results obtained with the different treatments 
leads to the conclusion that triturition in a mortar with, a rubber pestle, 
the soil being moistened very slowly, followed by one hour’s vibration 
at 10,000 vibrations per minute with occasional stirring of the suspension 
during this operation, gives a degree of disintegration that would appear 
to be fairly satisfactory. It is quite possible that with ordinary undried 
soils the period of vibration could be considerably reduced. Further, it 
would appear to be established that the use of dilute acids is not ad- 
visable, since in three out of the four soils examined it has caused an 
apparent reduction of the finer fractions, while in the fourth case, the 
Lias, there is certainly no increase. The reduction is most marked in 
the Buttery Clay, where with 7 per cent, calcium carbonate an increase 
would have been expected. The author is of the opinion that this reduc- 
tion of the finer fractions is due to flocculation and aggregation by the acid, 
and is not as a rule due to a solvent action. The fact that triturating the 
acid treated residue with dilute sodium carbonate solution caused a slight 
increase of the finer fractions as compared with immediate suspension 
supports this view. Attention has already been called to the work of 
Hissink who does not stress this point, although the evidence is provided. 

The necessity for moistening a soil slowly in order to obtain a satis- 
factory suspension has already been noticed by American bacteriologists, 
but the point does not appear to have been brought forward in connection 
with mechanical analysis. The manufacturers of various patent foods 
always advise that the liquid be added slowly, and this practice is 
regularly adopted in connection with other culinary operations. It is 
suggested that the real object is to ensure that each individual grain of 
the dry material comes into contact with the liquid so that it is actually 
wetted by the liquid. For instance, oatmeal is slowly sifted into water 
in order to prevent the formation of lumps. With rapid additions of 
either ingredient, aggregates are formed which are wet on the exterior 
but have a dry centre. If a sample of a moist clay soil be shaken violently 
with dilute sodium carbonate solution in a flask for a short time, the 
liquid becomes turbid, but on pouring off the turbid liquid, a large 
proportion of the clay is found to have been moulded into spheres. 
These are coated with a wet layer of puddled clay which effectively 
protects the inner portion from coming in contact with the liquid. 
With gradual moistening and triturition these aggregates are extremely 
small and are comparatively easily disintegrated by vibration. If a long 
kneading process is adopted it is possible that there may be no necessity 
for vibration. The Buttery Clay result (XII) illustrates this. 
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On boiling a small quantity of soil in a beaker containing water, it 
is found that the soil particles dance on the bottom of the beaker in 
much the same way as they do on the membrane of the vibrating vessel. 
It is suggested that vibration possesses all the advantages of boiling 
without any of the disadvantages due to the high temperature and chemi- 
cal action, accompanied by coagulation of the clay fraction. 

Summary. 

1. An apparatus is described which has been designed to impart a 
known number of vibrations per minute to a suspension of soil or other 
material. 

2. The problem of the calibration of the apparatus is briefly discussed. 

3. A new method for the comparison of the mechanical composition 
of suspensions is described. 

4. Various preliminary treatments of samples of soil for mechanical 
analysis are compared, and it is shown that: 

(а) The rate of wetting is an important factor. 

(б) A combination of triturition and vibration gives a satisfactory 
degree of dispersion. 

(c) The use of acids is not advisable. 
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APPENDIX. 


Mechanical Analyses by the Beaker Method. 



Wenlock Shale 

Lias 

Buttery Clay 

Fine gravel 

0-0 

0-53 

0-0 

Coarse sand 

0-0 

10-55 

0-0 

Pine sand 

10-65 

6-87 

19-55 

Silt 

31-41 

8-10 

24 38 

Fine silt 

34-95 

16-89 

14-65 

Clay 

10-76 

41-73 

21-88 

Calcium carbonate 

— 

•22 

6-95 
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A PRELIMINARY INVESTIGATION INTO THE 
DRAFT OF THE PLOUGH. 

By W. M. DAVIES, B.A., B.Sc., A.I.C. (Dip. Agric. Cantab.). 

School of Agriculture, Cambridge, now of 
Harper Adams Agricultural College, Newport,* Salop. 

(With Fifteen Text-figures.) 

Introduction. 

For some considerable time agriculturists have felt the desirability of 
enquiring more closely into the draft of various farm implements and the 
necessity of making accurate draft measurements under normal working 
conditions. 

It is customary among farmers to refer to a particular soil as being 
a ‘‘two-horse soil” or a “three-horse soil,” as the case may be, meaning 
thereby, that two horses or three horses respectively are needed to draw 
a plough in that soil, cutting a furrow slice of average dimensions. 

The object in starting this work was, therefore, to attempt to discover 
the magnitude of the draft of a plough working firstly, under normal 
conditions, and secondly under varying conditions. For this purpose it 
was necessary to construct a self-recording dynamometer, which would 
register graphically changes in draft over a given distance. 

One of the earliest series of draft measurements recorded was made 
by Pusey^in 1840. By means of a simple dynamometer he was able to 
obtain average readings which enabled him to compare the relative 
drafts of ten different kinds of ploughs. Later, during the last two decades 
of the nineteenth century, an extended series of investigations was carried 
out by Professor J. W. Sanborn ^ in America, not on ploughs only, but 
on many kinds of farm implements when working under various con- 
ditions. 

Quite recently, Professor Davidson (Iowa State University) has 
carried out experiments showing the relation between the draft of a 
plough and the speed of traction. 

The reports of the Tractor Trials held in 1919, 1920 and 1921 also 

1 Journal of the Royal Agricultural Society of England, 1840. 

* King, Phyaica of Agriculture. 
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furnish useful data, relating to the draft of multiple furrow ploughs used 
in conjunction with various makes of tractors. Nevertheless very few 
figures are available in this country which throw light on the effect of 
the many factors which influence draft. 

It is evident that there are two lines of investigation open, either to 
discover the pattern of plough working with least draft under uniform 
conditions, which should be a maker’s problem rather than an agri- 
culturist’s, or to investigate the influence of varying working conditions 
on one particular plough. It was decided to pursue the latter course, 
and a plough was chosen which was thought suitable for use under all 
conditions ; the implement was a Howard General Purpose Single Furrow 
plough weighing 276 lbs. 

At the outset the coulter was freshly dressed, a new B 2 pattern 
share fitted and the plough was used sufficiently to pohsh all parts in 
frictional contact with the soil. 

The same pair of horses was used throughout (except in Series A and 
B), chosen as being likely to pull evenly at a good pace and unlikely to 
bolt or be worried by the continual stopping and starting which neces- 
sarily had to take place. 

The actual working necessitated the presence of two operators, one 
to handle the plough and guide the horses (this work was usually per- 
formed by the author’s brother) and the other to attend to the instrument 
and see that it was recording satisfactorily. 

The work was begun on the Cambridge University Farm in the summer 
of 1920, five preliminary measurements being made to get the apparatus 
in proper working order and to determine in what way the other measure- 
ments (such as depth of furrow) should best be made. 

All the remaining measurements were made on the Folley Farm, 
Lydbury North, Shropshire in the winter 1920-1921. 

The Apparatus 

The type of apparatus was self-recording and similar to that used by 
Landon in measuring the draw-bar pull of steam tractors, and giving a 
force/distance chart. 

The dynamometer consists of a helical spring mounted in an iron 
cradle, one end of which is connected through the whipple trees to the 
horses, and the other to the draft chain of the plough. When a pull is 
exerted by the horses the spring is contracted. The contraction is com- 
municated by means of a Bowden wire to a pencil moving over a paper 
fixed on a revolving brass drum. 
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The drum is mounted on a small wooden base bolted to an iron up- 
right, which in turn is fixed to the beam of the plough near the point of 
attachment of the foot. Rotation is imparted to the drum by means of 
a flexible connection driven by gearing from a wheel trailing in the furrow. 
The drum is rotated once in every 26 yards and owing to this slow motion 
it was found necessary to attach a fairly heavy fly-wheel to the driving 
spindle to impart an even motion to the drum, which otherwise rotated 
with a jerky motion. 

The trailing wheel attachment is clamped to the plough stilts. 
Between the wheel and the clamp, a union is provided, which allows 



Fig. la. 

the wheel free vertical movement, enabling it to adapt itself to varying 
depths of furrow and to temporary tilt of the plough caused by obstacles. 
The position of the wheel is just under the handles of the plough and 
sufficiently forward to allow the ploughman freedom in guiding the plough. 

Fig. 1 is a scale drawing of the apparatus showing the dimensions 
and the relative position of the parts when working. 

Fig. la is a photograph showing the drum with its cable attachment 
from the trailing wheel at the back, and the Bowden wire actuating the 
pencil from the large spring at the front. The position of the fly-wheel 
is also shown and the gearing rotating the drum. It will be seen that the 
Joam. of Agrio. Soi. xiy 25 
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Bowden wire is attached by a small screw to a brass rod on which the 
pencil holder moves. The holder can be clamped at any desired point, 
and in this way a suitable zero line on the paper can always be chosen 
before making a measurement. The small spring by the side of the brass 
rod takes up any slackness in the Bowden wire. 

The total weight of all parts of the dynamometer is 114 lbs. 

Calibration op the Dynamometer Spring. 

The spring was removed from its cradle and placed in a Buckton 
Testing Machine with the Bowden wire connecting it to the recording 
pencil attached. In this way, when a definite pressure was exerted by 
the machine it was possible to 
measure the contraction of the 
spring directly on the millimetre 
squared paper fastened to the 
drum. A series of readings was 
taken at different pressures and a 
curve (Fig. 2) obtained showing 
the relation betweeijj the pressure 
exerted in lbs. (ordinates) and the 
contraction of the spring in milli- 
metres (abscissae). Prom this 
curve the mean draft in pounds 
of every chart was obtained. 

Types op Soil on which the 
Investigations were made. 

The measurements included 
in Series A were made on a level 
field on the Cambridge University 
Farm, the texture being of a 
gravelly nature of medium tena- 
city. 

The remainder of the tests 
were carried out at the Polley 
Farm on soil overlying shales of the Wenlock Formation, and the 
mechanical analyses, as shown in the tables, indicate considerable uni- 
formity over all the farm. The type of soil may be described as a Medium 
Loam, due to the presence of a high silt content, both fine and coarse, 
combined with a rather low content of sand and clay« 



mma. 

Fig. 2. Relation between compression of 
spring in millimetres and draft in lbs. 
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A list of the fields in which the measurements of draft were made is 
given in Table I. Opposite the name of the field will be found the Ord- 
nance Survey Number, the gradient at the point where the measurements 
were made, and the index letter of the series of measurements taken in 
the field. 

Table I. 

Ordnance 


Name of field 

Survey No. 

Gradient 

Series 

Fields B and C (University Farm, Cambridge) 

— 

Level 

A 

Cherry Tree Piece (Folley Farm) 

621 

1 in 8-2 

B 

Fifteen Acres 

f f 

622 

1 in 9*2 

C and D 

Orchard field 

it 

600 

1 in 8*2 

E 

Chestnut Piece 

7t 

603 

1 in 7-2 

F 

Plum Piece 

»» 

602 

1 in 8*3 

G 

Five Turnings field 

>» 

638 

1 in 17 

H 

Twelve Acres 

»> 

669 

Level 

1 and J 

Yew Tree Piece 

»» 

585 

Level 

KandL 


Making Measurements in the Field. 

A site was first chosen suitable for obtaining a series of measurements. 
If the field was level, as in Series A, I, J, K, L, this was simple and 
measurements could be made anywhere, but if the field sloped, then a 
portion of land was chosen where the slope was uniform for a distance 
at least 100 feet in length. As most of the fields sloped, a set of measure- 
ments had to be made both uphill and downhill in order to get an average 
value. 

In general, a piece of land where furrows had already been ploughed 
out was chosen ; if this could not be obtained, a number of furrows had 
to be ploughed before starting, to facilitate turning at the ends and to 
obtain a furrow for the horse to walk in. 

If land was allowed to remain partially ploughed for some time the 
rectangular edge of the unploughed land adjoining the furrow became 
broken and dried, so in any case it was necessary to plough once round 
before starting to make measurements. The land having been prepared, 
the apparatus was fitted to the plough and well oiled and the plough 
adjusted to the approximate depth and width required. The horses were 
hitched, two abreast, and the pencil fixed on the zero line chosen. It 
was the duty of the ploughman to hold the furrow wheel well up to the 
edge of the unploughed land without allowing the wheel to cut into it. 

Having obtained a reading it was usual to plough round the land 
and make another measurement on the opposite side. Thus a series of 
readings was made consisting of one set when the plough travelled uphill 
and the other when the plough travelled downhill. 


26—2 
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Specimens of charts obtained in the field are shown in Fig. 3 
(a, b and c). 

The direction of ploughing, indicated by the horizontal arrow, was 
over a distance of approximately 46 yards. 

Fig. 3 a represents the type of graph obtained when the furrow is 
shallow and shows considerable unevenness. 

Fig. 3 6 shows the type of graph obtained when ploughing at usual 
depths. It will be noticed that the line is less uneven than in Fig. 4 a, 
due no doubt to the steadying effect of a greater weight of earth passing 
over the share and breast. 

Fig. 3 c shows the type of graph obtained in deep furrows. This line 
is particularly steady, due, no doubt, to the considerable weight of earth 
passing over the breast, thus minimising the jerky pull of the horses and 
the momentary tendency of obstacles to increase the draft. 

In one case (Series I) ploughing deep where the soil was rather 
shallow, a particularly uneven graph was obtained. This was the result 
of the share cutting into the rock below. 

Measurement of Depth and Width of Furrow. 

Depth, In taking readings of the depth the method adopted was 
as follows. A board about 2 ft. 6 ins, long was laid flat on the unploughed 
ground with about 6 ins. projecting over the furrow. Pressure was 
applied to the board to flatten any smaU lumps of earth and bring its 
surface into close contact with the surface of the earth. A ruler was held 
perpendicular to the board touching the bottom of the furrow about 
half way across the furrow, and a reading taken. It was found that the 
depth of the furrow varied very considerably, even when measurements 
were made only one foot apart, so it became necessary to take at least 
ten readings over the distance ploughed in order to obtain a fair average. 

Width, The width was measured by the distance from the coulter, 
just as it was beginning to cut the soil, to the edge of the furrow. In 
this case it was necessary to stop the plough while making measurements. 
Three or four measurements were usually taken to obtain a mean value. 

Soil Samples. 

Soil samples were taken in every case for the purpose of ascertaining 
the mechanical composition and the moisture content of the soil at the 
time of the experiment. 

The method adopted for sampling was to take several cores at an 
average depth of 6 ins. in the unploughed land adjoining a set of furrows 
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in which draft had been measured. These cores were well mixed and a 
sample placed in an air-tight tin for analysis. Since two sets of measure- 
ments were made in the sloping fields, two soil samples were usijially 
taken, one sample representative of an uphill set of measurements and 
the other sample of the downhill set of measurements. The average 
figure of these two analyses was used when tabulating the results. Where 
draft measurements were made in a level field only one soil sample was 
taken. 

The various constituents are expressed in parts per hundred of air- 
, dried soil, except the moisture, which is expressed as a percentage cal- 
culated on 100 parts of air-dried soil. 

Method of Calculating the Mean Draft of a Chart. 

An approximate mean is chosen. Then, in order to ascertain the 
necessary correction, the squares on the chart included between the 
selected line and the graph, above and below this, are counted separately. 
The difference between the sums is divided by the total length of the 
curve over which the count has been made (denoted by the distance 
between the vertical arrows), thus obtaining the correction. The true 
mean is then calculated in millimetres. 

Referring this value of the true mean to the curve in Fig. 2, the 
corresponding draft in lbs. is obtained. For example, in Chart No. 50, 
the draft expressed in millimetres is 19-21. By referring this number to 
the abscissa in Fig. 2, the corresponding ordinate value of 180 is obtained, 
which represents the draft in pounds. 

Meaning of “Draft.” 

The mean draft as calculated from one of the charts is a measure of 
the force required to keep the plough moving uniformly through the 
ground at a pace of 2 to 2^ miles per hour. This force is used to perform 
two operations, one to produce movement in the plough, and the other 
to cut and turn the furrow slice. A distinction, therefore, has to be made 
between the “Gross Draft” required to move the plough as well as to 
cut and turn the furrow slice, and the “Nett Draft” which is the force 
required to cut and turn the furrow slice only. 

The manufacturer is more interested in the gross draft which should 
be reduced to a minimum for any given work, while the agriculturist is 
more interested in the nett draft which is a guide to the relation between 
cultivation and the soil conditions. 
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Calculation op the Nett Draft from the Gross Draft. 

The deadweight draft of the plough and apparatus, running free, 
was found to be 87 lbs. So, in the case of a level field the gross draft, 
less 87 lbs. gives the nett draft. But in the case of a sloping field it 
becomes necessary to calculate a correction for the gradient, which must 
also be deducted from gross draft when ploughing uphill, and added 
when ploughing downhill. Knowing the total weight of the plough and 
apparatus (390 lbs.) and the inclination of the ground (given in Table I), 
this is done by applying the principle of work and the inclined plane. 

In Series B, the inclination of the field at the point where the measure- 
ments were made is 1 in 8*2, increasing the draft uphill by 48 lbs. ; 
therefore, from every gross draft uphill subtract (87 -f- 48) lbs., to obtain 
the corresponding nett draft. Similarly from every gross draft downhill 
subtract (87 — 48) lbs. to obtain the nett draft. 

Draft per Square Inch of Furrow Slice. 

If the draft be divided by the area of cross section of the furrow slice, 
a value is obtained which expresses the resistance offered by each square 
inch of furrow slice. If the gross draft (in lbs.) be divided by the area 
of cross section in sq. inches, a value A is obtained, and if the nett draft 
be divided a value S is obtained. 

Such a course has been followed by previous investigators and for 
that reason has been followed here. It does not claim to be an adequate 
expression of draft. Probably some other expression would serve equally 
well or even better. 

Actual measurements show variation in the value of 8 and suggest 
that it is not entirely independent of both width and depth. Instances 
of these variations and their probable meaning will be discussed under 
each series of measurements. 

The Factors and Conditions influencing Draft. 

It has already been stated in a previous part of this paper that draft 
is subject to the influence of numerous conditions, some relating to the 
plough and working conditions, which are included in the following 
first list, and others relating to the soil, included in the second list. 

A more detailed discussion of the effect of some of the conditions will 
be found later in the paper. 
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I. Conditions relating to the plough. {Mechanical conditions.) 

(а) Weight of the plough. 

(б) Pattern of mould board or breast {i.e. digger or general purpose 
shape). 

(c) Pattern of share. 

(d) Variety of coulter. 

(e) Sharpness of coulter and share. 

(/) Position and line of hitch. 

{g) Rate of ploughing. 

(A) Inclination of the ground. 

II. Conditions relating to the soil. 

(а) Texture (expressed by mechanical analysis). 

(б) Degree of consolidation: 

(1) at different depths; (2) following different crops. 

(c) Moisture content. 

(d) Width and depth of the furrow. 

(e) Presence of obstacles. 

So far the experiments have been confined to the investigation of the 
influence on draft of varying conditions in the soil rather than to the 
effect of variation of the mechanical conditions. 

When investigating the effect produced by the variation of any one 
factor, attempts were made to keep all the other factors constant. This 
frequently proved difficult as is instanced when endeavouring to maintain 
an even width; whether or not this can be done depends entirely on the 
care exercised by the ploughman in keeping the large furrow wheel well 
up to the edge of the unploughed land, without actually cutting into it. 
Or again there is the difficulty in keeping an even pace throughout, 
particularly where some measurements are taken uphill and others 
downhill. The horses used moved more slowly uphill than down, and 
therefore introduced variations in draft due to speed. 

By using the same plough throughout, with the same pair of horses, 
the various factors included in List I were kept fairly constant. An 
exception to this was factor I (A) (the inclination of the ground) for 
which a correction had to be introduced. The degree to which the various 
factors included in List II can be kept constant depends to some extent 
on the rapidity with which the measurements are made; it would be 
unwise, for instance, while measuring effect of variations in depth on 
draft to make some measurements one day and some later, as the moisture 
content and other factors would probably change during that time. 
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Of the conditions mentioned, some are much more important than 
others in their effect on draft. For instance, the effect of obstacles, or 
the relative degree of consolidation of the ground at different depths (in 
this particular variety of soil) is probably small, compared with the effect 
of variations in moisture, depth, and width, and as far as these experi- 
ments go they suggest that the former factors are not of primary 
importance. 

Detailed List op Draft Measurements. 

The first group, comprising the series B, E, F, G, H, I, K and L, 
shows the relation between draft and depth of furrow. 

The second group, consisting of three series, C, D and J, shows the 
relation between draft and width of furrow. 

A comparison of the mean value of 8 in each series gives a good idea 
of the state of consolidation produced by the previous crop. 

In presenting the results, wherever two sets of measurement were 
necessary in a field, they hcwve been grouped together in one series. 
Otherwise, where the field was flat the series consists of one set of 
readings only. 

Series A. 

Table II. Preliminary measurements made on University Farm to get 
apparatus in working order. 

Nos. 1, 2, 3, 4. Field B. Ploughing after folded catch crop. 

No. 5 Field C. Ploughing loose surface soil. 




May 18th, 1920. 









Draft 


Draft 




Chart 

Width Depth 

gross 

A 

nett 

5 

Moisture 

Mechanical analysis 

No. 

ins. 

ins. 

lbs. 

lbs. 

lbs. 

lbs. 

o/ 

/o 

o/ 

/o 

1 

10 

4-63 

478 

10-3 

391 

8*46 

1 

[ 11*3 stones and gravel 

2 

10 

4-63 

470 

101 

383 

8-30 

1 ■ 

1 38*5 sand 

3 

10 

4-63 

397 

8-6 

310 

6-70 

1 16*5 silt 

4 

10 

5-88 

480 

8-2 

393 

6-69 

1 

i 13*3 clay 



June 1st, 

1920. 




1 

[ 11*2 stones and gravel 








o ' 

1 48*9 sand 

6 

10 

4-5 

365 

7-88 

268 

5-96 

^ j 

17*2 silt 









1 10*9 clay 

76 

— 

— 

87 

— 

— 

— 

Plough and apparatus running 


empty 

Chart No. 1. Surface of the land had been hardened by folding sheep 
on it, and the ground hard under the surface. 

Chart No. 2. Made under similar conditions to No. 1, but the sheep 
had been folded for a shorter period. 

Chart No. 3. Made under similar conditions to No. 2, but in a different 
part of the field. 
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Chart No. 4. Similar to No. 3, but ground appeared stiff er and depth 
also greater. 

Chart No. 5. Ploughing in a cultivated soil, with a loose surface. 

Really each separate chart is a series in itself inasmuch as it gives 
a figure for a particular set of conditions. 

Chart No. 76 shows the draft of the plough and apparatus running 
empty on a level field. From this figure all the nett draft corrections 
have been made. 

Inspection of Table II shows the number of the chart in the first 
column, followed by width and depth in the second and third columns, 
and gross draft in the fourth column; this shows a variation from 
366 lbs. to 480 lbs. A is shown in the fifth column and expresses the 
gross draft per square inch of furrow slice. 

The nett draft is shown in the sixth column and shows a variation 
from 268 lbs. to 393 lbs. 

The ^remaining figures show the various mechanical constituents of 
the soil. 

In the following groups it will be noticed that each series is denoted 
by a capital letter. The alphabetical sequence of these places the series 
in the order in which they were taken. But for purposes of arrangement 
into groups that order has been altered, the series, however, keeping 
their original index letter. 

First Oroup* Variation of draft with depth of furrow consisting of 
Series B, E, F, G, H, I, K, L. 

Series B. 

Table III. Variation of draft with depth. 

Cherry Tree Piece. Ploughing two year old clover ley. 

Gradient 1 in 8*2. Gradient correction ±48 lbs. 

October 18th, 1920. 





Draft 


Draft 



Chart 

Width 

Depth 

gross 

A 

nett 

d 

Mechanical analysis 

No. 

ins. 

ins. 

lbs. 

lbs. 

lbs. 

lbs. 


UphiU 








8 

10 

3-4 

238 

7-0 

103 

303 


10 

10 

4-6 

355 

7-75 

220 

4-79 


12 

10 

61 

470 

7-7 

335 

6-49 

1 26*7 moisture 

14 

10 

7-4 

550 

7-46 

415 

6-60 









31*2 stones and gravel 




A av. 

= 7-48 

5 av. 

=4-73 

) 12*6 sand 

DovmhiU 







48*5 silt 

9 

10 

3*7 

107 

2-88 

68 

1-84 

12*4 clay 

11 

10 

6-2 

214 

4-08 

175 

3-34 


13 

10 

70 

414 

5-9 

376 

5-35 


15 

10 

8-4 

450 

5-35 

411 

4*9 





A av. 

=4-55 

d av. 

=3*86 



Average for the series: A =6*0; 5=4‘30. 
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The series B consists of two sets of measurements made on a two 
year old clover ley during fine weather, when the soil was moist from 
recent rains. This was the first series of measurements made on a sloping 
field. Five measurements were made uphill and five downhill. Column 3 
shows depths varying from 3-4-8-4 ins. Actually it is not easy to take 
accurate measurements at a depth of less than 3*4 ins., because it is 
impossible to maintain uniform depth. 

The process of regulating the depth of a plough to differences of 
anything less than 1 inch is difficult, so that about five measurements 
only, at different depths were possible. 

The measurements were all taken near the middle of the field, the 
uphill furrows being adjacent and the downhiU furrows adjacent, the 
two sets being separated by only 4 or 5 yards. 

The gradient of the field at the point where the measurements were 
made was 1 in 8*2, necessitating a correction of 48 lbs. when calculating 
the nett draft. 

Variations in Draft. 

It will be seen that variations from 107 to 550 lbs. took place in the 
gross draft, and from 68 to 415 lbs. in the nett draft. 

Variations in Values of A and 8. 

Uphill. It will be seen that A is nearly constant in value, about 7*5. 

The deadweight draft of the plough forms a large proportion of the 
gross draft at small depths and becomes a relatively smaller part as the 
depth increases. Therefore at greater depths, A and S would be expected 
to approach near one another in value. This apparently is the case as 
A is fairly constant in value (= 7-48) throughout, while S shows a steady 
increase from 3-03 to 5-6. 

This increase in the value of 8 as the depth increases may be explained 
by the fact that the ground is more consolidated at greater depths and 
therefore requires an increased draft per square inch to cut the furrow 
slice. Also it has been noticed when ploughing a shallow furrow, that 
the furrow slice is turned easily into its place, but when the furrow is 
deep, there is considerable back pressure on the breast, caused by the 
thick slice pressing against the next one. This would suggest that there 
may be increased work per square inch of furrow slice both in cutting 
and turning at greater depths. This statement is confirmed by the figures 
obtained in some of the other series. 

Downhill. Considerable diversity in the values of A and 8 are seen. 
No. 9 being rather low. 
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A further discussion of this variability in value of A and 8 is made 
under the heading “ General discussion,” where the data collected from 
the various series are reviewed. 

In Fig. 4 the results of the measurements given in Table III are 
expressed graphically. 



Fig. 4. Series B. 


Four curves are shown, three of which show the relation of the gross 
draft with variation in depth, and the fourth, the relation of nett draft 
and depth. 

The curve of gross draft uphill (g.d. up) is obtained by taking a mean 
of the points (denoted by crosses) whose coordinates are depth of furrow 
and the corresponding draft, when ploughing uphill. The exact position 
of the mean is foimd by plotting the equation Y = 77'6 X — 17. This 
equation is calculated from the data in the third and fourth columns of 
Table III by using the method of least squares. 
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The curve of gross draft downhill (g.d. down) is similarly obtained 
by plotting the equation F = 70 Z - 119, and is the mean of the down- 
hill points (denoted by dots). 

The mean curve of gross draft (m.g.d.) represents the curve which 
would be obtained if the field were level. Its position is found by plotting 
the average of the two foregoing equations (F = 73*8 X — 68). 

The curve of nett draft (n.d.) showing the relation between the nett 
draft and depth of furrow is obtained by plotting the (m.g.d.) equation 
corrected for the dead weight of the plough and apparatus. 

F - 73-8 Z - 68 - 87 = 73-8 Z - 115. 

It will be observed that the points (denoted by crosses) around the 
curve G.D. up lie closely to their mean. 

The curves point to a linear relation between draft and depth. 

Series E. 

Table IV. Variation of draft with depth. 

Orchard Field, Ploughing stubble, farm -yard manure on surface. 

Gradient 1 in 8*2. Gradient correction ±48 lbs. 

February 2l8t, 1921. 





Draft 


Draft 



Chart 

Width 

Depth 

gross 

A 

nett 

5 

Mechanical analysis 

No. 

ins. 

ins. 

lbs. 

lbs. 

lbs. 

lbs. 

Q/ 

/o 

UphiU 








34 

9-7 

3-7 

337 

9-35 

202 

5-62 , 


36 

90 

4-6 

365 

8-95 

230 

5-61 

1 

38 

9-8 

5-3 

395 

7-58 

260 

500 


40 

9-8 

6-7 

468 

8-40 

333 

5-95 


41 

9-8 

6-7 

529 

801 

394 

6-96 

25-5 water 








24-1 stones and gravel 




A av. 

=8-46 

5 av. = 

:5-63 

/ 13-9 sand 

Downhill 






' 51-3 sUt 

33 

9-8 

4-4 

237 

5-48 

198 

4-58 

11‘6 clay 

36 

9-8 

4-9 

258 

6-37 

219 

4-56 


37 

9*8 

60 

262 

4-45 

223 

3*80 


39 

9*8 

80 

453 

6-82 

414 

6-30 / 





A av. 

= 6-28 

5 av. 

=4-56 



Average for the series : A = 6*87 ; 5 = 5- 10. 

Series E consists of two sets of measurements which were the first 
made on a stubble. The field had received a dressing of farm yard 
manure on the surface. 

In this series, depth was the varying factor. Five measurements 
were made uphill and four downhill. 
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Variation of Draft. 

Inspection of Table IV shows a variation from 237 to 529 lbs. in 
gross draft and 198 to 414 lbs. in nett draft. 

Some variation occurs in the value of A uphill, but very little in the 
value of S. Downhill they both show variation. 

The manure on the surface of this field was inclined to collect on the 
coulter and it is possible that it had a slight influence on the draft at 
shallow depths. This may explain the diminution in the value of S with 
increasing depth over the first few measurements. 



Fig. 5. Seriea E. 

Another point in connection with 8 is the difference in value between 
8 uphill and downhill (6-68 — 4*66 = 1) for which the reason is not 
apparent. 

Fig. 6 shows the draft/depth curve with the points lying close to 
their respective means. 
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As in series B, a linear relation seems to exist between depth and 
draft. 


Series F. 


Table V. Variation of draft with depth. 


Chestnut Piece. Ploughing wheat stubble. 

Gradient 1 in 7*2. Gradient correction ±54 lbs. 
February 2lBt, 1921. 





Draft 


Draft 



Chart 

Width 

Depth 

gross 

A 

nett 

5 

Mechanical analysis 
/o 

No. 

ins. 

ins. 

lbs. 

lbs. 

lbs. 

lbs. 

Uphill 








44 

9*75 

3*9 

225 

5*99 

84 

2*23 \ 


46 

9-75 

5*3 

387 

7*56 

246 

4*80 


48 

9*75 

7*3 

417 

5*84 

276 

3*86 

21*0 water 




A av. 

= 6*46 

5 av. 

=3*63 

zd*D stones ana gravel 
) 10*2 sand 

DoummU 






52*5 silt 

43 

9*0 

3*38 

195 

6*41 

162 

5*3 

15*0 clay 

45 

9*6 

4*01 

237 

6*15 

204 

5*29 

47 

9*75 

6*72 

300 

5*38 

267 

4*8 





A av. 

=5*98 

5 av. 

=5*13 



Average for the series: A =6-22; 5=4*38. 


Series F consists of two sets of measurements taken on a wheat stubble 
in a corner of the field. This was the steepest field on which measure- 
ments were taken (gradient 1 in 7*2) ; depth was made the varying factor. 
The soil was exceedingly shallow, being only about 7 ins. deep, and one 
of the charts has had to be left out of account, because the plough share 
was cutting through the shale in the subsoil. Consequently only three 
measurements each way are available. Variations from 195 to 417 lbs. 
are seen in gross draft, and from 84 to 276 lbs. in nett draft. The results 
show a fairly constant value for A in both uphill and downhill measure- 
ments. More variation, however, is noticeable in the value of 8 than in A. 

If the average values of 8 uphill and downhill be compared, a big 
difference of 1-5 lbs. is noticeable. This suggests the interference of 
another factor other than depth and this factor is most likely to be speed. 

It was mentioned in the introduction that Professor Davidson (Iowa 
State University) has already investigated the effect of speed and he has 
found that an increase of speed from 2 to 3 miles per hour increases the 
draft from 8 to 12 per cent., and doubling the speed increases the draft 
25 per cent. 

This being a rather steep field the horses walked much slower uphill, 
and much faster downhill than their average pace, and this is probably 
the explanation of the difference in value of 8 average uphill and 8 average 
downhill. 
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Fig. 6 shows the results graphically. The linear relation between 
depth of furrow and draft is more evident in the downhill measurements 
than in the uphill measurements. 



Fig. G. Series F. 


Series G. 


Table VI. Variation of draft with depth. 

Plum Piece. Ploughing after roots carted off. 

Gradient 1 in 8-3. Gradient correction ±40 lbs. 


February 22nd, 1921. 

Draft 

Chart Width Depth gross 

A 

Draft 

nett 

5 

Mechanical analysis 

No. 

ins. 

in«. 

lbs. 

lbs. 

lbs. 

lbs. 

o/ 

/o 

UphiU 

51 

10 

30 

226 

7-63 

92 

306 


53 

10 

42 

332 

7-87 

198 

4-70 


55 

10 

6-3 

637 

8-60 

403 

6 37 

21-3 water 

32*2 stones and gravel 
^ 11*5 sand 

53*4 silt 

14*1 clay 

67 

10 

80 

580 

7-26 

446 

6*58 

Doimhitt 

50 

10 

3-5 

A av. 

180 

= 7-79 

514 

6 av. 

140 

= 4-93 

40 

52 

10 

4-4 

278 

6-37 

238 

5-45 

54 

10 

6-9 

507 

7*40 

467 

6*70 


56 

10 

9*3 

523 

5-63 

483 

6*20 




A av. =6*13 
Average for the series; 

i av. =6-34 
! A =6-96; S=B-13. 
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Series G (Table VI) consists of two sets of measurements made when 
ploughing a part of the field where roots had been carted off during the 
previous autumn. 

Depth was again taken as the varying factor and eight measurements 
were made, four in each direction. 



Inches depth 

Fig. 7. Series G. 

The ground had been consolidated by the passage of horses and carts 
over it, when the roots were being clamped, and the soil was no doubt 
very closely packed, particularly on the surface. The moisture content 
was not noticeably different from that of the previous series. 

The gross draft varied from 180 to 580 lbs. and the nett draft from 
92 to 483 lbs. It will be noticed that A uphill is inclined to be nearer 
constant in value than A downhill. On the other hand, 8 shows a con- 
siderable and similar variation in both cases, increasing in value up to 
the third measurement in each set and decreasing in the fourth. This 

Journ. of Agrio. Soi. xiv 


26 
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suggests the operation of an extra factor when a depth of 6 or 7 inches 
is reached, tending to a relative decrease in the draft. This decrease is 
believed to be due to looser packing of the soil at that depth resulting 
from previous deep cultivation, the crust having been hardened by tramp- 
ling more than the lower parts of the soil. Another point that will be 
evident is that S average downhill is slightly higher in value than 
S average uphill which may be due to a difference in speed of ploughing. 

The results are plotted in Fig. 7, which shows the usual curves and 
the linear relation between variation of depth and resulting draft, the 
points being rather scattered about their means. 

Inspection of the results of this particular series suggests that the 
linear relation breaks down (shown by dotted line curves) after a depth 
of 6 or 7 inches is attained. 

Series H. 

Table VII. Variation of draft with depth. 

Five Turnings Field. Ploughing after potatoes. 

Gradient 1 in 17. Gradient correction i 23 lbs. 

February 22nd, 1921. 

Draft Draft 

Chart Width Depth gross A nett 5 Mechanical analysis 

No. ins. ins. lbs. lbs. lbs. lbs. % 

UphiU 

59 95 3*9 317 8-55 207 5-59 

61 9-5 5 6 , 430 8 08 320 6 01 

63 9-5 7-4 473 6-75 363 5 17 

65 9*5 8-9 537 6-35 427 5 05 23-0 water 

25-8 stones and gravel 

A av. =7-43 6 av. —5-45 >16*1 sand 

Downhill 53-3 silt 

58 9-5 4 6 265 6 03 201 4-56 11-3 clay 

60 9-5 5-6 405 7-69 341 6-46 

62 9-5 7-7 500 6-87 436 6-00 

64 9-5 8-7 530 6-43 466 5*66 

Aav.=:6-75 5av.=:5-67 

Average for the series: A = 7*09; 5=5-56. 

Series H (Table VII) was the last series to be made on a sloping field. 
The slope was so gradual, only 1 in 17, that the correction needed for 
this was small. 

Variation of draft with depth was again investigated, four measure- 
ments being made in each direction. 

The previous crop was potatoes lifted in the autumn, during which 
operation very considerable consolidation of the ground had taken place 
caused by the passage of men, horses and carts. 

Variations from 265 to 537 lbs. in gross draft occurred and from 
207 to 466 lbs. in nett draft. 
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The results do not show any marked tendency in the value of either 
A or 8 to be constant uphill or down. 

It is very evident, however, that the difference between A average 
uphill and A average downhill is small, which would be expected in a 
field where the gradient is so low. 

8 average uphill and down, are in very close agreement, only differing 
by 0*2 lb., the excess being on the downhill measurements. 



Inches depth 

Fig. 8. Series H. 

There is nothing in this series to warrant the assumption that 8 
increases continuously with the depth; in fact after a depth of 5*6 inches 
is reached, 8 appears to decrease. The series has this point in common 
with series G, except that in the latter the decrease is noticeable at a 
greater depth. 

Fig. 8 shows the results graphically and the ra})id convergence of 
the straight line curves of g.d. which would be expected on a field with 
a low gradient. 


20—3 



392 Investigation into the Draft of the Plough 

Again there is rather more scatter among the points of the downhill 
measurements about their mean than among the uphill measurements. 

Dotted curves are here shown as in series 6, showing clearly how the 
draft decreases relatively as the plough cuts more deeply. 

Series I. 

Table VIII. Variation of draft with depth. 

Twelve Acres. Ploughing second year clover ley. Level. 

February 23rd, 1921. 


Chart 

Width 

Depth 

Draft 

gross 

A 

No. 

ins. 

ins. 

lbs. 

lbs. 

66 

9 

2-8 

190 

7-58 

67 

. 9 

3-4 

240 

7-85 

68 

9 

4*2 

265 

7-06 

69 

9 

6-5 

383 

6-55 

70 

9 

7'6 

480 

705 




A av. : 

-7‘22 


Draft 

nett S Mechanical analysis 

lbs. lbs. % 

103 4*03 30*7 water 

153 5 00 I 28-2 stones and gravel 

178 4-7 } 12-5 sand 

296 5-06 44-8 silt 

393 5-74 ' 12-7 clay 


3av.=4-90 



Fig. 9. Series I. 
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Series I (Table VIII) consists of a set of five measurements, taken 
when ploughing a two-year clover ley. Five charts were made at varying 
depths. 

The part of the field where these measurements were taken stands 
1000 feet above sea level and at least 450 feet above the field in which 
those in series H were taken. Although the mechanical analysis does not 
suggest it, the soil in series I is undoubtedly lighter than th^-t in series H. 

Considerable variation in gross draft occurs from 190 to 480 lbs. 
and from 103 to 393 lbs. in nett draft. 

It will be noted that A is particularly constant in value throughout, 
while 8 shows a gradual increase as the depth increases (except in 68). 
This suggests an increase in the resistance per square inch of furrow 
slice as depth increases. 

The results are plotted in Fig. 9, where only one curve of gross draft 
is necessary since the measurements were made on the level. 

The linear relationship between depth of furrow and draft are parti- 
cularly well illustrated, and there is no doubt in this case that the curve 
tends closely to a straight line. 


Series K. 


Table IX. Variation of draft with depth. 


Yew Tree Piece. Ploughing up wheat stubble. Level. 
February 23rd, 1921. 


Chart 

Width 

Depth 

Draft 

gross 

A 

Draft 

nett 

8 

No. 

ins. 

ins. 

lbs. 

lbs. 

lbs. 

lbs. 

77 

9-9 

3-9 

263 

6*82 

176 

4-52 I 

78 

10 

51 

367 

7*31 

280 

5-58 1 

79 

10 

0-8 

450 

6-62 

363 

5-341 

SO 

10 

8-3 

543 

6-51 

456 

5-48! 




A av. 

=--6*81 

5 av. 

--5-23 


Mechanical analysis 

O' 

/o 

25-0 water 

20*6 stones and gravel 
12*3 sand 
46*2 silt 
14-1 clay 


Series K shows four measurements taken on a level field when 
ploughing a wheat stubble where the land was known to work rather 
more heavily than the rest of the farm. 

Depth of furrow was again the varying factor. It will be observed 
that the gross draft varies from 263 to 543 lbs. and the nett draft from 
176 to 456 lbs. 

The results show A to be fairly constant in value, particularly in 
Charts Nos. 77, 79, and 80. 8, too, shows little fluctuation. The value 
average 8 = 6*23 lbs. is the highest obtained in any of the measurements. 
This high value is attributable to the rather stiff soil in this field. 
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The results are plotted in the two lower curves in Fig. 10. The four 
points lie near their mean curve and the close linear relation between 
draft and depth is again well illustrated. 



Inches depth 

Fig. 10. Series K, L. 


Series L. 

Table X. MeaBurements with double furrow plough. Variation of depth. 


Yew Tree Piece. The furrows adjacent to those in series K. Level. 
February 23rd, 1921. 


Chart 

Width 

A 

f I 

Front Back 

Depth 

A 

r \ 

Front Back 

Total 

Draft 

gross A 

Total 

Draft 

nett 

5 

Mechanical analysis 

^/Q 

No. 

ins. 

ins. 

ins. 

ins. 

lbs. lbs. 

lbs. 

lbs. 

82 

9-8 

9*8 

3-74 

3-8 

448 600 

348 

4-7 

/25 0 water 

1 26*6 stones and gravel 
{ 12*3 sand 

46-2 silt 

83 

9-8 

10 

4*93 

51 

533 5-34 

433 

4*37 

81 









100 





^14*1 clay 

Plough running free on 


Average for the series: A = 5*67; 5= 4-53. 


surface 


These measurements were carried out with a Roberts’ mephisto double furrow plough, 
with general purpose breasts. 
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Series L consists of a series of measurements made with a double 
furrow plough with breasts of the same pattern as the single furrow 
plough used in the other measurements. 

The charts when ploughing were made in furrows adjacent to those 
in series K, so that the efficiency of the double plough could be tested 
against that of the single furrow plough. 

The double furrow plough presents considerable difficulty when 
adjusting it to cut two furrows of the same width. 

In the two measurements made, closely similar values for S were 
found, viz. 4*7 and 4-37 == average 4*53. 

When the value average A 5*67 is compared with average A == 6*81 
in series K, the conclusion is reached that the double furrow plough is 
a more efficient implement than the single furrow plough. 

Chart No. 81 shows the dead weight draft of the double plough and 
apparatus to be 100 lbs. 

The results of series L are plotted in Fig. 10 (the two upper curves). 
The curve of the nett draft is calculated from the gross draft curve, 
knowing the draft of the plough and apparatus running free to be 100 lbs. 

Second Group. Showing the relation between draft and width of furrow, 
investigated in Series C, D and J. 

Series C. 

Table XI. Variation of draft with width. 

Fifteen Acres. PIouj?hing one -year clover ley after heavy rain. 

Gradient 1 in 9-2. Gradient correction Jr 42 lbs. 


December 30th, 1921. 





Draft 


Draft 



Chart Width 

Depth 

gross 

A 

nett 

5 

Mechanical analysis 

No. 

ins. 

ins. 

lbs. 

lbs. 

lbs. 

lbs. 


UphUl 








24 

0*8 

5*4 

258 

7*00 

129 

3*50 ^ 


18 

8*8 

5*3 

237 

5*12 

108 

2*33 


10 

9*9 

5*6 

245 

4*39 

116 

2*10 


20 

10*7 

5*6 

343 

5*78 

214 

3*60 


22 

12*1 

5*8 

337 

4*79 

208 

2-96 

25*4 water 








35*1 stones and gravel 




A av. 

= 5*41 

5 av. 

= 2*89 

i 15*2 sand 

Downhill 







46*9 silt 

25 

6*8 

5*8 

186 

4*71 

141 

3*56 

11*7 clay 

19 

9*0 

6*1 

196 

3*56 

151 

2*74 


17 

9*6 

5*6 

174 

322 

129 

2 4 


21 

11*0 

6*3 

250 

3*59 

205 

2*94 


23 

12*3 

6*6 

313 

3*90 

268 

330 ^ 



Aav. — 3*8 5av. —2*98 
Average for the series: A ~ 4-60; 5 — 2*93. 

Series C consists of two sets of measurements made on a one-year 
clover ley after a day and night’s heavy rain. 
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In this field it was decided to measure the effect of variation of the 
width of the furrow on the draft. It was found much more difficult to 
keep the depth constant than the width. One reason for this was the 
uneven nature of the surface. Another reason was that the ground was 
softer in some places than in others, and as the share of a plough is fixed 
to cut into the earth, a soft place allows the wheel to cut in more deeply. 
Also, a plough cutting at a certain mean depth uphill always cuts at 
a greater mean depth downhill, owing to the position of the horses 
relative to the plough being lower in the latter case than in the former. 



6 6 7 8 9 10 n »2 13 

Inches width 


Fig. 11. Series C. 

Even with these slightly varying factors, the depths do not show 
any considerable variation and may be considered constant. 

Gross draft shows a variation from 174 to 343 lbs. and nett draft from 
108 to 268 lbs. 

It will be observed that the average S uphill is remarkably close in 
value to average 8 downhill. 

Pig. 11 shows variations^ of draft plotted against the variations in 
width. 

Considerable scatter of the points round the mean. exists, which 
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suggests the varying of factors other than width. In a narrow furrow, 
the base is entirely cut by the share, while in a wide furrow, tearing 
takes place outside the cutting limits. No doubt this factor must have 
considerable influence on the draft. 

The highest values of A are found in Charts 24 and 25 and these 
correspond with narrow furrows, which suggests that tearing requires 
less draft than cutting in this particular soil. This conclusion is justified 
by measurements described later in series J. 

Although the points are somewhat scattered about their means, yet 
a straight line appears to be the relation between width of furrow and 
draft. This relationship is more clearly seen in the following series D. 


Series D. 


Table XII. Variation of draft with width. 

Fifteen Acres. Ploughing same clover ley as in Series C, but after fine weather. 
Gradient 1 in 9 “^. Gradient correction i 42 lbs. 


February 19th, 1921. 


Draft 


Chart 

Width 

Depth 

gross 

A 

No. 

ins. 

ins. 

lbs. 

lbs. 

UphiU 





26 

7-7 

5-6 

303 

7-05 

28 

8-2 

5-5 

302 

6*65 

30 

100 

rrl 

355 

6-26 




A av. 

= 6-65 

Dovmhill 




27 

7-6 

6-0 

212 

4-65 

29 

8-6 

5*5 

262 

5-55 

31 

10-2 

5-8 

312 

5*26 


Draft 

nett S Mechanical analysis 

lbs. lbs. % 


174 407 i 

173 3-82 

220 3*99 I m water 

, ytones and gravel 

6av.=3-90 V 15-8 yarid 

40*7 silt 

107 3-00 10-8 clay 

217 4-57 

207 4-49 / 


Aav. =5-15 5av. ==4-24 


Average for the series: A = 5-90; 6 = 41. 


Series D consists of two sets of measurements made on the same field 
as the previous series, and in the same position in the field, but after an 
interval of nearly two months. 

In tliis series width was again made the varying factor and three 
measurements were taken in each direction. 

The gross draft varies from 212 to 355 lbs., and the nett draft from 
167 to 267 lbs. 

It will be seen that there is little variation in the value of A and 8 
in the respective columns of the sets to which they belong. Also the 
average 8 uphill is very close in value to average 8 downhill, the two only 
differing by 0-28 lb. 
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Turning to the curve (Fig. 1 2) it is evident that the points both uphill 
and downhill lie very close to their respective mean curves. It is evident 
also that the relation between width of furrow and draft is linear. 

It has already been stated that the greater the area of cross section 
of the furrow slice, the smaller fraction of the total draft the dead weight 
draft of the plough becomes; that is, in a sloping field the effect of gravity 
is felt less at the greater width. Consequently with increase in width or 
depth, the curves (uphill and downhill) should converge. This argument 
is supported by the position of the curves in series D. 



5 6 7 8 9 10 1112 13 

Inches width 

Fig. 12. Series D. 


Table XIII. Variation of draft with width. 

Twelve Acres. Ploughing second-year clover ley. Level. 

February 23rd, 1921. 

Draft Draft 

Chart Width Depth gross Ca nett I Mechanical analysis 

No. ins. ins. lbs. lbs. lbs. lbs. % 

76 6-4 4-6 236 9-60 149 6 00 f o j 

74 7‘5 4-4 240 7-28 153 4-61 s^^ones and gravel 

71 9 0 4-8 232 6-35 146 3-34 

72 12-3 4-3 320 6 02 233 4-43 S i 



Aav.=7*04 5av.=4‘69 

Average for the series: A = 7*04; 5=4-69. 
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Another important point arising out of a comparison of the results 
in series C and D is that the drier ground in series D is attended by a 
much higher draft than the somewhat wetter in series C; or otherwise 
expressed, a decrease in moisture content of 5*9 per cent, increased the 
draft 28 per cent., shown by increase in value of average A ^ 1*3 lbs. 

Series J. 

Series J consists of a set of measurements made on the same field as 
those in series I, and in adjacent furrows, but with width instead of 
depth of furrow as the varying factor. 

The gross draft varies from 232 to 320 lbs. and the nett draft from 
145 to 233 lbs. 



Fig. 13. Series J. 

A shows considerable fluctuations, its value increasing with decreasing 
width (except in 71). 

The value of 8 also shows similar fluctuation, but to a lesser extent. 
This increasing value of 8 (except in 71) with decrease in width of the 
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furrow suggests that the resistance per square inch of furrow slice is less 
in wide than in narrow furrows. This fact has been previously noted in 
series C, and it seems further justification for the suggestion already 
made, that cutting requires greater draft than tearing in the variety of 
soil found on this farm. 

Fig. 13 shows the results arranged graphically. The points are some- 
what scattered about their means, but the curve certainly shows a linear 
relation between draft and width of furrow. 

General Discussion. 

In the description of each series the range of variation of draft has 
been given. 

The gross draft was seen to vary from a minimum 107 lbs. in series B 
to a maximum 580 lbs. in series 6. 

At the same time the nett draft varied from 68 to 483 lbs. 

When the gross draft for a width of 10 inches and depth of 5 inches 
(normal ploughing) is obtained from the various mean curves, a variation 
from 267 (series C) to 350 lbs. is found giving an average of 320 lbs. 
Similarly for the nett draft a variation from 180 to 263 lbs. is found giving 
an average of 238 lbs. 

The figure 320 lbs. is the average draft of a plough working in a 
two-horse loam under ordinary farming conditions. 

Each horse, therefore, exerts a force equal in weight to about a 
hundredweight and a half. 

The Components of Draft. 

It has been mentioned earlier in the paper that the nett draft is 
utilised for two purposes. One is to cut through the soil, that is, to over- 
come the resistance of the soil to the coulter and share, and the other is 
to lift and turn the furrow slice till it rests on its edge. 

Influence of Depth of Furrow on Draft. 

This was investigated in series B, E, F, G, H, I and K, and, within 
certain limits, a linear relation, in some cases more clearly defined than 
in others, is seen to exist. 

It has just been restated that the nett draft is composed of two com- 
ponents. This being so, it is interesting to discuss shortly, on theoretical 
grounds, the probable effect of increase in depth on each of these com- 
ponents. 

First, what is the effect of doubling the depth on that force required 
to turn the slice; from the principle of work, since double the weight 
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is raised through a rather greater lieight, it follows that a little more 
than double the work is done in turning a slice twice as thick as the normal. 
Therefore 8 should show a slight increase at double the depth. 

Secondly, what is the effect of increase of depth on the force required 
to Qut the slice. Under ordinary conditions the ground is more con- 
solidated at deeper levels than near the surface, so that an increase in 
8 would most probably result from this cause. Therefore it would be 
expected that this force, and therefore 8, would increase slightly with 
increasing depth. 

This is found to be so in all cases examined except in series G and H. 
In these series 8 shows a decrease after a certain depth is reached. This, 
as has already been explained, is probably due to the consolidation of 
the upper layers rather than the lower layers by the trampling of men 
and horses and the passage of carts when carting the roots, so that the 
top layer actually became a crust covering looser soil. 



Fig. 14. 

On the whole, however, it is clear in these experiments that as the 
depth increases within the usual limits the value of 8 increases slowly. 
On other soils, the increase of 8 with depth might be very considerable, 
and this seems to be the conclusion reached from observations of draft 
made at the Tractor Trials at Shrawardine (Salop) in September, 1921, 
where the soils were much heavier. 

The curves in Fig. 14 (series I and K), obtained by plotting the values 
of 8 (ordinates) against the corresponding depths (abscissae) are intended 
to show" the gradual increase of 8 as the depth of the furrow increases, 
showing that the consolidation tends to increase with the depth. 
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Influence of Width of Furrow on the Draft. 

Consider what would be the effect of increasing the width on the two 
draft components. 

Take first the effect in turning the furrow. It can be shown theoreti- 
cally that the work done in turning a continually widening furrow increases 
more rapidly than when turning a deepening furrow; consequently 
S, the nett draft per sq. inch, should increase more rapidly with increase 
in width than with depth. On the other hand, the effort required to 
cut a wider slice should not be more than twice as great for a furrow 
twice as wide as a normal furrow, since the consolidation should be the 
same at constant depth. So theoretical considerations suggest an increase 
in S with increase in width. 

In the three series C, D and J, 8 increases a little with the width in 
the two former, but decreases considerably in the latter. The explanation 
for this (in series J) lies most probably in the fact that outside the cutting 
region of the share the furrow must be torn, and as the width increases 
so the tearing effect is more felt, and with light soil tearing probably 
requires less draft than cutting, so that 8 at considerable width has a 
smaller value than 8 at a lesser width. 

In the other soils (series C and D), while 8 certainly increases over 
part of the series, in both sets of series C it is at its highest value when 
the furrow is narrowest, but not so in series D. 

From the three measurements it is clear that the draft relationship 
to the width is linear. 

Influence of Variations of both Width and Depth 
OF Furrow on Draft. 

If the curves in series I and J are compared, it will be noticed that 
the depth/draft curve in series I is much steeper than the width/draft 
curve in series J. 

Since the draft varies with the width and the depth, it will vary 
with their product, that is, draft x where d = depth and w = width ; 
therefore, the draft varies with the area of cross section of the furrow 
slice. 

In the case of a furrow of constant width 10 ins. (series J), an increase 
of 1 in. depth increases the area of cross section by 10 sq. ins., but where 
the furrow is of constant depth 5 ins. (series J) an increase of 1 in. width 
means only an increase in area of cross section of 5 sq. ins. Therefore, 
the increase in draft in the first case is double the increase in the 
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second case, so that the curve in series I will be about twice as steep 
as that in series J. Therefore, an increase of 1 in. width in ordinary 
ploughing conditions is only attended by an increase of half the draft 
that would attend an increase of 1 in. depth, and explains why increasing 
the depth in the soil makes the work much harder for the horse than the 
same increase in width. 

Influence of Moisture Content of the Ground on Draft (Gross). 

It is well known that an optimum moisture content exists at which 
the draft of a plough in any soil is lowest. This optimum lies between 
extremes of dryness and wetness, and is considered to be the most 
suitable state of the soil for good ploughing and satisfactory work. This 
optimum is probably the point when the pulverising effect of ploughing 
is most felt. 

If series C and D be compared, the effect of loss of moisture in in- 
creasing the draft is seen : 

Series C. % moisture* 25-4 A = 4-6 

Series D. % moisture 19-5 A = 5*9 

Decrease 5-9 %. Increase 1-3 % - 28 % . 

* Calculated on 100 parts of air dry soil. 

So. that a decrease in soil moisture of 5-9 per cent, is attended by an 
increase in draft of 28 per cent. 

The optimum moisture content was not found, in fact weather con- 
ditions did not permit, there not being sufficient rain in order to determine 
the draft in very wet soil. But no doubt the figure A 4*6 being low, 
is not far removed from A at optimum moisture content. 

Measurements using a Double Plough. 

The object was to com])are the efficiency of the double furrow plough 
with that of the single plough. 

As already explained when discussing the measurements in series L, 
a value average A 5*67 lbs. was obtained with the double plough. 
When this is compared with the value A = 6*8 obtained with the single 
plough in series K, it is clear that the double plough is the more efficient 
machine. This conclusion is in accord with experience and with the 
statements made by the agricultural implement manufacturers. 
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The State of Consolidation op the Ground 
AFTER Various Crops. 

It lias been previously stated that an examination of the soils on 
the FoUey Farm shows a considerable uniformity in texture in every 
field, and that the measurements (except series B and C) were made at 
the same time of year, during a spell of dry weather. Therefore, a com- 
parison of the values of the average S in the various series will give an 
indication of the consolidation of the ground after the various crops. 
Only rough indications can, of course, be obtained, since the value of 
8 can be influenced by so many causes and in another year the order 
may be modified. 



The values of 8 are shown in Fig. 14, arranged in order of magnitude. 

Series H exhibits the greatest consolidation (8 5-56) following a 

potato crop. Series K, taken after wheat on a stiffish field, and series 0 
after a root crop, follow next. Thereafter the various series are shown 
in order down to C, which has the lowest value of 8 (8 = 2*84). 
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It is noticeable that both root crops are close together at the head of 
the list, and that the two second-year clover leys stand higher than the 
one-year clover ley, as would be expected. 

The position of the stubbles indicates to some extent the weather 
conditions prevailing at harvest time. 

A comparison of series C and D shows the distinct help of a good 
downpour in decreasing the draft and making the work lighter for the 
horses. 

Summary of Conclusions. 

The state of consolidation resulting from the nature and treatment 
of the previous crop has a most marked effect on the draft, causing 
variations from 107 to 580 lbs. in gross draft and from 68 to 483 lbs. in 
nett draft on a typical tWo-horse soil, the force exerted by each horse 
being about one himdredweight and a half. 

The relation between draft and depth of furrow is linear, the nett 
draft per square inch tending to increase in value with increasing depth, 
except when the previous crop was roots, when a decrease at depths 
greater than 6-8 ins. is noticeable. 

The relation between draft and width of furrow is linear, the nett 
draft per square inch in some cases showing an increase and in others 
a decrease with increasing width. 

Observations suggest that a greater proportion of the nett draft is 
used in overcoming the resistance of the soil than in turning the furrow. 

The quantity of moisture in the soil has a considerable effect on draft. 
There is probably an optimum content, from which an increase or a 
decrease would result in increased draft. In the case measured, a 
decrease in soil moisture of 6 per cent, resulted in an increase in draft 
of 28 per cent. 

The double plough is a more efficient implement than the single 
plough, fittings and mould-board being similar in design. 
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from Professor T. B. Wood, C.B.E., M.A., F.R.S. and Mr Arthur 
Amos, M.A., who, throughout the work, have given their assistance both 
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of it. 
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criticism was sought on points of method in calculation. 
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soil samples. 
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Council, who measured the gradients. 
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FIELD EXPERIMENTS. 


By REGINALD ARTHUR BERRY, Ph.D., F.I.C., 
Professor of Agricultural Chemistry, 

AND DANIEL GRANT O’BRIEN, M.A., B.Sc., 

Formerly of the Chemistry Department, now Lecturer in Agriculture, 
West of Scotland College of Agriculture, Glasgow, 

(With One Text-figure.) 

Since 1899, field trials have been carried out at the Experiment Station, 
Kilmarnock, of the West of Scotland College of Agriculture and in the 
counties in the administrative area of the college. Their object was 

(1) to compare the yield of different varieties of oats and turnips, and 

(2) to determine the best system of manuring different crops grown under 
varying conditions of soil and climate. Single plot tests were invariably 
employed and in the interpretation of the results experimental errors 
were not taken into account as at that time (1902-1909) very incomplete 
data were available for that purpose. The results were published in 
college bulletins^. As the figures contained therein are often quoted it 
seemed highly desirable that the extent of the experimental errors in 
trials of this kind should be available. With this object in view an 
examination of the results has been undertaken which forms the subject 
matter of this short paper. Since the Oat Trials provide the largest 
amount of data, attention was directed principally to this crop. 

Oat Tests at Different Centres. 

As many as 12 different varieties were sometimes used in a test and 
from 20 to 35 tests were conducted annually at centres distributed over 
the counties in the West of Scotland. It has already been pointed out that 
single plots were invariably employed, a procedure which allowed of the 
inclusion of the maximum number of varieties with least amount of 
space and which involved least cost. The seed corn supplied was from 
the same bulk sample. 

The scheme of the experiment was as follows. A member of the 
college staff selected and laid off the ground and superintended the 

* Report on Experiments on the Comparative Merits of Varieties of Oats by R. P. 
Wright, Second, Third and Ninth Annual Reports, West of Scotland College of Agriculture. 
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seeding of the plots. College officers inspected the plots at intervals 
during the course of the experiment. To prevent undue attention of 
birds during the ripening of the crop, the plots were located in a field of 
oats. Several standard varieties were included in each test to act as a 
basis for comparison. The size (l/20th acre) and shape of plot, the weight 
of seed corn, and the method of harvesting, threshing and weighing of 
the produce were the same at each centre for each year. The varieties 
were cut as they ripened and the weight of grain and straw along with 
other relevant data obtained for each plot. 

The statistical method of examination followed was the same as that 
adopted by Wood and Stratton^ in their valuable paper on ‘‘Errors 
in Agricultural Experiments” published in a previous issue of this 
Journal. Frequency curves were first constructed, the number of centres 
being plotted on the vertical and the yields of grain in lbs. on the 
horizontal axis. This was done for the three varieties, Potato, Sandy 
and Banner and the curves are shown in Fig. 1 below. 



Potato Sandy Banner - • - 

Fig. 1. 

^ Wood, T. B. and Stratton, F. G, M. “The interpretation of experimental results.*’ 
Joum. Agric, Sci. 3, Part 4. 
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The three curves appear to conform fairly closely to a normal fre- 
quency curve. From this we may assume that we are dealing with a 
normal variable, and that the figures are suitable for averaging and for 
the calculation of the probable error. The slight divergence from the 
normal on the left of each of the three curves, represents the centres 
with the lowest yields. The cause of this is, no doubt, due to the almost 
complete elimination of the poorest types of soil in the selection of 
centres. 

The probable error of the average total grain yield for five varieties 
for each year calculated f rorri the di fference of each plot from the average 
yield of grain was next calculated. The figures obtained are summarised 
in Table I below. In order to shorten the table as much as possible, the 
annual figures for one variety only, namely, the Potato oat is included. 


Table I. 


Total yield of grain 
in log. per plot 



Number of 

Average 
over all 

Lowest 
at any one 

Highest 
at any one 

P.e. of 

Percentage 
p.e. of 


centres 

centres 

centre 

centre 

av. in lbs. 

av. in lbs. 

Potato 1902 

35 

120 

78 

183 

19-4 

16-2 

„ 1903 

21 

104 

52 

146 

18-9 

18-2 

„ 1904 

29 

103 

60 

193 

24-0 

23'3 

1905 

32 

118 

70 

179 

173 

14-7 

„ 1906 

25 

no 

59 

162 

19- 1 

17-4 

„ 1907 

21 

108 

63 

170 

19-2 

17-7 

„ 1908 

30 

114 

58 

192 

19-5 

171 

„ 1909 

31 

136 

75 

198 

191 

140 

„ 1902-1909 

224 

114 

52 

198 

20-6 

19-2 

Sandy 1902-1909 

224 

no 

58 

202 

19-5 

16-8 

Banner 1902-1909 

193 

117 

49 

218 

24-4 

20-8 

Mounted Police 1906-1909 

107 

124 

62 

227 

23-5 

190 

Wide Awake 1906-1909 

107 

128 

57 

262 

25-6 

200 


Comparing the yields of the old Scotch varieties, namely. Potato and 
Sandy over a long period and grown under the soil and climatic con- 
ditions prevailing in the West of Scotland, it is found that the Potato 
cat gives an average yield of grain amounting to about 4 per cent, more 
than Sandy. New varieties such as were in cultivation at that time, 
e.g. Banner, gave a yield amounting to about 0 per cent,. Mounted Police 
13 per cent, and Wide Awake 16 per cent, above that of Sandy. The 
last two named new varieties were not introduced into the trials until 
1906, and the number of centres yielding figures were 107 compared with 
over 200 in the other cases. It is probable that if these varieties, namely 
Wide Awake and Mounted Police had been under test for the full period, 
their superiority over the older types would approximate to that of 
Banner. 
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It is noticeable from the table that the newer varieties show a greater 
range of variation in the yields of grain compared with the older varieties. 
The former give higher maximum yields compared with the latter. The 
elimination of the poorest types of soil in the selection of centres would 
adversely affect comparisons between the yields of old and of new varieties 
in so far as the older varieties would do better than the new varieties 
under poor soil and climatic conditions. 

It is a well-established fact that the old Scotch varieties of oats are 
hardier and can better endure the greater extremes of soil and climate 
than some of the new varieties. For this reason and from the remarks 
made above respecting differences in yields, a variation of the experi- 
mental error due to variety was to be expected. Examination of the 
figures in Table I confirms this. The average probable error for the old 
varieties works out at about 18 per cent, and for the new varieties at 
about 20 per cent, of the total yield of grain. 

Table II below gives the average 3deld of grain, the probable and 
the percentage error for Potato oat in each of the counties during the 
period 1902-1909. 

Table II. 





Average grain yields in lbs. 



Average yield of 


—A ^ 

Percentage 


Number of 

total grain 

Probable 

County 

centres 

per plot 

error 

error 



lbs. 



Ayrshire 

46 

120 

19-35 

16-13 

Argyllshire 

27 

121 

19-61 

10-21 

Dumfriesshire 

30 

108 

19-40 

17-96 

Dumbartonshire 

26 

103 

19-05 

18-50 

Lanarkshire 

36 

107 

20-67 

19-32 

Stirlingshire 

30 

118 

20-59 

17-45 

According to the above table the error 

for each 

county is similar 


to that for the combined counties. This means that the climatic and 
soil conditions met with in any of the counties in question would appear 
to be as diverse as that obtained in the whole of the West of Scotland, 
in so far as they affect the Potato oat. 

From the foregoing figures the probable error on single plot trials 
for the old Scotch varieties of oat is about 18 per cent, and for the new 
varieties about 20 per cent, of the yield of grain. Adopting the recog- 
nised method of calculation, this means that when experimenting in 
any county in the West of Scotland with two varieties of oats which are 
only likely to show a difference in their grain yields amounting to about 
5 per cent., it is necessary to have 214 centres with no duplication of 
plots at any centre in order to endeavour to obtain a conclusive result 
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from a single year’s trials, and 53 centres where the varieties under test 
differ in yielding power by 10 per cent. 

Taking Potato oat as the standard type, it is seldom found that any 
other variety will surpass it in yielding power by more than 10 per cent, 
under the varying conditions of soil and climate that obtain in the West 
of Scotland. Banner surpasses it in yield of grain by from 2 to 3 per cent. 

Converting the yield of grain per plot into yield per acre it is interesting 
to note that the following figures are obtained for the varieties in question. 


Sandy ... 

52 bushels per acre 

Potato 

54 

Banner 

56 „ „ 

Mounted Police 

59 

Wide Awake ... 

bl ,, ,, 


Oat Tests at the same Centre. 

Using duplicate plots, Wood and Stratton found the probable error 
to be 5 per cent, of the yield of grain, whilst Hall and Mercer^ showed 
that with l/40th acre plots repeated five times the error was reduced to 
2 per cent. It is possible, however, that the probable error is not the 
same for each crop. Allowance must be made for individual character- 
istics of crops in so far as they are affected by methods of sowing, 
cultivation, harvesting, immunity or otherwise to fungoid and insect 
pests, shedding of grain, etc. The cumulative effects of these will operate 
in varying degrees according as they apply to each crop. The following 
figures provide some data on this point. The method of calculation 
employed to arrive at the figures is as follows. The mean yield of dupli- 
cate plots is obtained and the difference of each plot from the mean is 
expressed as a percentage of the mean and the error then calculated in 
the usual way. 

l/40th acre plots. 

Probable error of 

Number of Juplicate plots 

duplicate plots % 

Oats 1910-11 grain 55 60 

„ „ straw 55 4*2 

Hay „ 28 1-2 

Potatoes 19 3-4 

Although the experimental data from which the above calculations 
are made are too few to arrive at a real comparison of the errors for 
different crops, nevertheless they are sufficient to indicate that differences 
in the probable errors do exist. 

1 Mercer, W. B. and Hall, A. D. “The experimental error of Field Trials.” Journ. Agric. 
Sci. 4 , p. 2. 
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Summary. 

Single plot trials owing to the magnitude of the experimental errors, 
are practically useless as a test for comparing the yields of grain of one 
variety of oat with that of another. At best the results are only applicable 
to the particular experiment in question. For the old Scotch varieties 
of oat the probable error on trials of this kind amounts to about 18 per 
cent, of the yield of grain and to about 20 per cent, for the new varieties. 
Adopting single plot trials an 18 per cent, error means that when deter- 
mining the superiority in the yield of grain of one variety over that of 
another and when the difference is not likely to be more than about 
5 per cent, it would be necessary to have 214 centres with no duplication 
of plots at any centre in order to endeavour to obtain a conclusive result 
from a single year’s trials. When the difference is likely to be about 
10 per cent, it would be necessary to have 53 centres. 

Data are supplied showing that the experimental error for different 
crops also for the grain and straw of the same crop is not the same. It 
is greatest for the grain and lowest for the hay crop. 

This communication was included in a former paper by the authors 
published in a previous issue of this Journal, but at the suggestion of the 
editors, it was withdrawn for pubhcation as a separate paper. 


(Received 3rd December, 1923.) 



A METHOD FOR THE ESTIMATION OF URIC ACID 
IN POULTRY EXCRETA. 


By HERBERT ERNEST WOODMAN, Ph.D., D.Sc. 

The Institute for the Study of Animal Nutrition {Poultry Section), 
School of Agriculture, Cayyibridge University. 

Introduction. 

In connection with nutritional investigations on poultry being carried 
out in the above Institute by the writer’s colleague, Mr E. T. Hainan, 
it became necessary to devise a satisfactory method for the estimation 
of uric acid in poultry excreta. Although numerous exact methods have 
been elaborated for the determination of the amount of uric acid in 
mammalian urine, the corresponding problem in connection with the 
excreta of birds has received relatively little attention. This circum- 
stance is no doubt due in large measure to the peculiar difficulty attaching 
to the quantitative investigation of the nitrogenous constituents of 
poultry excreta, arising from the fact that the urine and faeces are not 
excreted separately. The urine is not temporarily stored in a bladder, 
as with mammals, but proceeds directly from the kidneys through the 
ureters to the cloaca and there undergoes admixture with the faeces 
from the intestines. 

The most abundant and characteristic nitrogenous constituent of 
avian urine is not urea but uric acid. The latter is present as the in- 
soluble ammonium biurate, probably mixed with some free uric acid(i). 
Uric acid behaves in aqueous solution as a monobasic acid and conse- 
quently only the acid salts (biurates) exist in aqueous solution. In the 
presence of strong bases, both hydrogen atoms may be replaced with the 
formation of neutral urates. The latter, however, are only stable in 
solutions containing an excess of the base. They are readily decomposed 
by water to give the biurate. 

In addition to these two series of urates, Scherer(2) claimed to have 
demonstrated the existence of a third type of urate in the urate sediment 
of urine, namely, the so-called quadriurates, consisting of a molecule of 
biurate united with one of uric acid. The quadriurates were stated to be 
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more insoluble than the corresponding biurates, and Roberts (3) formed 
the conclusion that the uric add in the renal excretion of birds was 
present in the form of ammonium quadriurate. 

The later researches of Tunnicliffe and Rosenheim (4), however, have 
made it clear that the quadriurates have no definite existence and are 
to be regarded merely as mixtures of biurate and uric acid. 

Old Methods of Estimating Uric Acid in Poultry Excreta. 

The earliest method in use for this purpose was that of von Knie- 
riem(5), which involved the extraction of the excrement with boiling 
caustic soda or potash. The filtered extract plus hot water washings 
were acidified and evaporated to a small bulk. The uric acid which 
separated on standing was filtered off and its amount determined gravi- 
metrically or by means of the Kjeldahl method. 

This crude method was open to the objection that when uric acid is 
precipitated from such alkaline extracts, it is deeply pigmented and is 
contaminated with foreign organic material (e.g. protein) which interferes 
with its estimation either by the gravimetric or the Kjeldahl method. 

A marked advance was made as a result of the investigations of 
Tunnicliffe and Rosenheim (O), who demonstrated that pure uric acid 
could be titrated quantitatively against iV’/20 piperidine solution. Piperi- 
dine is a fairly ready solvent for uric acid, the soluble piperidine urate 
being formed in the process. 

The method of Brown(7), subsequently modified and improved by 
Bartlett(8), was based on the preceding discovery. The procedure con- 
sisted in the first place of removing the pigment as completely as possible 
from a weighed amount of excrement (10 gm.) by successive washings 
with alcohol and ether. The dried residue was acidified with 0*6 per cent, 
hydrochloric acid and allowed to remain overnight in a refrigerator. After 
filtering and washing with water, the material was extracted with piperi- 
dine on the steam bath. The extract was filtered through coarse linen 
into a 600 c.c. measuring flask and after well washing the residue on the 
linen with hot water, filtrate and washings were made up to the mark and 
the suspended material was allowed to settle overnight. 50 c.c. of the 
clear extract was next made acid with hydrochloric acid and evaporated 
to 26 c.c. on the water bath. The uric acid which separated on cooling 
and standing was filtered off, washed with cold water and finally with 
alcohol and ether to remove traces of fat. It was subsequently transferred 
to a beaker, boiled with 35 c.c. water and titrated with NjlO piperidine 
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in the presence of phenolphthalein, the end point reaction being com- 
pleted as near as possible to the boiling point. 

Although the mean of several determinations carried out on pure uric 
acid by Bartlett showed that 98 per cent, of the acid could be recovered 
fn this process, yet it is clear that the application of a g;iethod which 
relies mainly on the use of a solvent like piyjeridine, with its pungent 
peppery smell, cannot be entirely satisfactory, especially in view of the 
lengthy extraction on the steam bath (30-^45 minutes) which was neces- 
sary to effect complete solution of the uric acid. Furthermore, the 
piperidine extracts were always difficult to filter, the process frequently 
being quite impossible. For this reason, Bartlett had recourse to filtra- 
tion through linen, the filtrate being allowed to stand for many hours in 
order that a clear extract could be obtained by settlement. It was also 
essential that the final titration with N/IO piperidine shoidd be carried 
out in nearly boiling solution and a satisfactory end point could not be 
obtained unless the pigment of the excrement had been thoroughly 
removed by the initial alcohol-ether treatment, frequently a difficult 
matter to accomplish with poultry excreta. Moreover, if the uric acid 
crystals had not been thoroughly freed from hydrochloric acid during 
filtration and subsequent washing, then a very appreciable error resulted 
in the value of the titration figure. 

A point which was rightly urged in favour of the method was that 
the presence of protein did not necessarily interfere with the accuracy 
of the final titration. 

For the purpose of estimating the amount of uric acid in avian urine, 
Kossa(9) utilised the property of uric acid of dissolving in warm con- 
centrated sulphuric acid. Whilst, however, tliis method may be quite 
satisfactory when dealing with the separately collected renal excretion, 
the experience of the writer showed that the extraction of the mixed 
excreta yields a fluid of treacly consistency which cannot be filtered 
bj any method. 

General Outline of the New Method. 

The ready solubility of lithium urate led the writer naturally to turn 
his attention to the use of lithia as a solvent for extracting the uric acid 
from poultry excreta. A method was elaborated which in its finally 
adopted form consisted of the following six stages : 

(1) Removal of pigment from weighed amount (8-10 gm.) of excre- 
ment by successive treatment with cold alcohol and ether. 
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(2) Decomposition of ammonium urate in excrement by means of 
hydrochloric acid. 

(3) Extraction of uric acid by means of lithia solution. 

(4) Precipitation of uric acid from lithia extract by means of 
ammonium chloride. 

(6) Decomposition of ammonium urate obtained under (4) by means 
of hydrochloric acid. 

(6) Determination of amount of uric acid by direct weighing or 
titration with 0*05 N . KMn 04 . 

It will be noted that from stage (4) the method is substantially an 
extension of the well-known Hopkins method (lO) of determining the 
amount of uric acid in mammalian urine. If a sample of the latter be 
saturated with ammonium chloride, the whole of the uric acid separates 
as ammonium urate on standing. The precipitation is only complete 
when the urine is saturated, or nearly saturated, with ammonium chloride, 
but under these conditions, the reaction is so perfect, that it is impossible 
by any tests to demonstrate the presence of uric acid in the filtrate. 
Hopkins has shown that not only uric acid, but also pigments and xanthin 
are precipitated in this manner. Creatinine and hypoxanthin, on the 
other hand, remain in solution. During the subsequent decomposition 
of the ammonium urate with hydrochloric acid, most of the pigments 
and all the xanthin are removed, so that the presence of xanthin does 
not affect the accuracy of the method. 

Protein appears to have little or no influence on the accuracy of the 
method. It is only incompletely precipitated by the ammonium chloride, 
and the small amount of precipitated protein is removed during the 
treatment of the precipitate with hydrochloric acid and in the subsequent 
washing. 

Experiments carried out by Hopkins on pure uric acid showed that 
by this means the estimation of uric acid in mammalian urine could be 
carried out with an experimental error of not more than 1 per cent. 

Precipitation of Uric Acid from Lithia Solution 

BY MEANS OF AmMONIUM ChLORIDE. 

The addition of ammonium chloride to a solution of any alkaline 
biurate produces a precipitate of ammonium biurate. Thus, if ammonium 
chloride be added to a solution of uric acid in lithia, an immediate 
precipitate of ammonium urate is obtained. Under normal circumstances, 
however, it would be anticipated that this reaction, in the presence of 
free lithia, would not proceed perfectly to completion. For the success 
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of the method, it was essential to regulate the conditions of the reaction 
in order to ensure that the separation of the ammonium urate should take 
place quantitatively. With the object of securing this result, the amount 
of lithia used to dissolve the uric acid was kept as low as possible, whilst 
the actual precipitation w^as effected in the presence of an overwhelming 
excess of ammonium cliloride. The following description summarises 
the conditions for quantitative separation of the uric acid. 

A weighed amount of uric acid (0*1 -0*2 gm.) was dissolved in a mixture 
of 45 c.c. distilled water and 5 c.c. of a 5 per cent, solution of lithia. Into 
the clear solution was stirred 15 gm. of rccrystallised ammonium chloride 
and the mixture was allowed to stand overnight. The precipitated am- 
monium urate readily settled to the bottom of the beaker and the super- 
natant liquor was w^ater clear. The latter possessed a strong ammoniacal 
smell, showing that the excess of lithia originally present had reacted 
with ammonium chloride to produce ammonia and lithium chloride. 
Little or no free lithia could therefore be present in the reaction mixture. 
The presence of free ammonia constituted a distinct advantage, since it 
is customary to add this reagent when precipitating uric acid from 
mammahan urine by means of ammonium chloride in order to accelerate 
the separation of the ammonium urate. Crouson and Vilaret(ii) state 
that the presence of free ammonia is necessary to ensure a perfectly 
quantitative separation of ammonium urate by the Hopkins method. 

The precipitate of ammonium urate was filtered on to a small hardened 
filter paper and w^ashed with a little saturated ammonium chloride 
solution. It was then w^ashed back into the beaker by means of a fine 
jet of hot w^ater, using about 50 c.c. of water. The suspension was 
carefully brought to the boil and at this stage 5 c.c. of concentrated 
hydrochloric acid were run in from a pipette. The precipitate went 
completely into solution and uric acid crystallised out on cooling. The 
bulk of the liquid was reduced to 20 c.c. on the sand bath and, after 
standing overnight, the uric acid was filtered on to a weighed Gooch 
filter. It was then washed with a little distilled water until free from 
chloride, dried in a steam oven and weighed. 

The following results are typical of several determinations carried 
out in the above manner: 

(1) (2) 

Weight of uric acid taken 0*1120 gm. 0*1552 gm. 

„ „ recovered 0*1112 0*1534 

It is therefore clear that in the presence of only a slight excess of 
lithia and a large excess of ammonium chloride, uric acid can be pre- 
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cipitated quantitatively as ammonium urate from its solution in litlua. 
If, however, the amount of lithia used is excessive, the precipitation is 
not perfectly quantitative. For example, 0*1563 gm. of uric acid was 
dissolved in a mixture of 20 c.c. of 5 per cent, lithia and 30 c.c. distilled 
water. The amount of uric acid recovered by saturating the solution with 
ammonium chloride and decomposing the ammonium urate so obtained 
with hydrochloric acid was only 0*1476 gm. 

In order further to test the quantitative character of the reaction, 
the following experiment was carried out. 1 gm. of uric acid was dissolved 
in a mixture of 90 c.c. water and 10 c.c. of 5 per cent, hthia, gentle heat 
being employed to effect complete solution. The concentration of uric 
acid in this solution was therefore three or four times as great as it is 
ever Hkely to be in lithia extracts of poultry excreta as prepared according 
to the method to be described later. The solution was saturated with 
ammonium chloride, allowed to stand overnight and filtered. 

A portion of the clear filtrate was allowed to stand over a period of 
three weeks. During this time no further separation occurred. 

Another portion was diluted with water and acidified with dilute 
hydrochloric acid. No precipitate was produced by this treatment. 

The remainder of the filtrate was evaporated to dryness on a sand 
bath and the residue was submitted to the murexide test. A negative 
result was obtained. 

It follows therefore that even when uric acid is present in lithia solu- 
tion in relatively large amount, it can wholly be removed as ammonium 
urate by saturation with ammonium chloride. 

Extraction of Uric Acid from Poultry Excreta. 

Since the uric acid of poultry excreta is mainly in the form of 
ammonium urate, it followed that it could be extracted as lithium urate 
in one of two ways : 

(1) Direct extraction by boiling the excrement with lithia. 

(2) Initial decomposition of the ammonium urate by means of 
hydrochloric acid and subsequent solution of the uric acid so formed by 
means of lithia. 

The use of the first process would effect an appreciable simplification 
of the method, since it would do away with the necessity of treatment of 
the excrement with hydrochloric acid. In order to test its feasibility, 
the following experiment was carried out. 

0*1886 gm. uric acid was dissolved in lithia and precipitated as 
ammonium urate under the conditions already outlined. The precipitate 
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was washed back into the beaker after filtration. *To the boiling suspen- 
sion of the material in 75 c.c. water was added 10 c.c. of 5 per cent, 
lithia and the bulk was reduced to 25 c.c. on a sand bath. After this 
prolonged treatment, the ammonium urate was still not completely 
dissolved and a further addition of 5 c.c. of the lithia solution was neces- 
sary to bring this about. The amount of uric acid in the lithia solution 
was now determined by the method already described. It was found to 
be 0‘1730gm., i,e. 91*8 per cent, of the uric acid originally taken was 
recovered. 

The low results obtained in this and similar experiments led to the 
abandonment of the method of direct extraction of uric acid by boiling 
the excrement with lithia solution. The reaction involved does not 
proceed sufficiently readily and requires too large a concentration of 
lithia to carry it to completion. 

The alternative method of initial acidification and subsequent 
extraction with lithia proved satisfactory in every respect. The reactions 
involved not only proceed readily but are also quantitative in character, 
and the amount of lithia required to effect solution can be kept to a 
satisfactory low quantity. A detailed account of this part of the method 
will be found in the descriptions which follow. 

Estimation of Uric Acid in a Mixture of Sheep Faeces 
AND Ammonium Urate. 

In the preceding paragraphs it has been demonstrated that when 
ammonium urate has been brought into solution as lithium urate by the 
twofold process involving acidification and subsequent extraction with 
lithia, it is further possible to recover the ammonium urate quantitatively 
by saturating the lithia solution with ammonium cliloride. In order to 
ascertain whether these processes could form the basis of a method for 
estimating the uric acid in poultry excreta, it was necessary in the first 
place to test the method on uric acid-free faeces to which had been added 
a known weight of ammonium urate. In this way the completeness of 
the recovery of uric acid could be submitted to trial under conditions 
approximating to those obtaining in the analysis of poultry excrement. 
For this purpose, mixtures of sheep faeces and ammonium urate of 
known purity were employed. 

To 0*6 gm. of dried powdered sheep faeces was added a weighed 
amount of ammonium urate (0*l-0’3 gm.) and the two intimately mixed. 
25 c.c. distilled water were added, the mixture stirred and brought to 
a gentle boil, at which point 5 c.c. of concentrated hydrochloric acid was 
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run in. The boiling and stirring were continued for about a minute, and 
the beaker was then set aside overnight in a cool place. The contents of 
the beaker were filtered, and after washing with a little cold water, the 
residue was washed back into the beaker with 50 c.c. of hot water. To the 
boiling mixture was now added 5 c.c. of 5 per cent, lithia. The boiling 
was continued for about a minute and the liquid was well stirred during 
the process. The lithia extract was then filtered off and the residue 
was washed with small portions of boiling lithia (using in all 50 c.c., 
made up by diluting 5 c.c. of 5 per cent, lithia to this volume) and 
finally with boiling water, until the washings were no longer alkaline. 

The extract was evaporated to 100 c.c. and, after cooling somewhat, 
was saturated with ammonium chloride (30 gm.). The ammonium urate 
was filtered off after standing overnight and was decomposed with hydro- 
chloric acid in the usual manner. The uric acid was finally collected on 
a prepared Gooch filter. Before the final weighing, however, the material 
was washed with a little ether to remove traces of fat arising from the 
sheep faeces. 

The following typical results show that uric acid can be estimated 
with accuracy by this method in mixtures of sheep faeces and ammonium 
urate. 

( 1 ) ( 2 ) 

Amount of uric acid in ammonium urate taken 0*0994 gm. 0*2332 gm. 

„ „ recovered 0*0988 0*2320 

Application of Method to Poultry Excreta. 

When the method described above was applied to the estimation of 
uric acid in poultry excreta, it at once became apparent that the pigment 
of the excrement would prove a disturbing factor. It became necessary 
to submit the excrement to a preliminary treatment with the object of 
removing the bulk of the colouring matter. This object was attained 
by successively extracting the excrement with alcohol and ether, although 
it was found that the entire removal of the pigment was not readily 
effected. 

The weighed out excrement (8-10 gm.) was stirred with about 30 c.c. 
of rectified spirit and allowed to stand for 15 minutes, after which time 
the solvent was poured off through a small hardened filter paper. This 
process was repeated twice and the residue was similarly extracted with 
small portions of ether, until the solvent when poured off was only faintly 
coloured. The extracted residue was freed entirely from ether and the 
uric acid content was determined under the conditions described in 
detail in the next section. 
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The figures given below and in a succeeding section illustrate the 
good agreement obtained in duplicate determinations by this method. 
The agreement is eminently satisfactory when considered in conjunction 
with the difficulty of obtaining a perfectly homogeneous sample of 
excrement. 

The colour of the uric acid as finally weighed was subject to variation 
from white to light brown in the several trials carried out on different 
samples of poultry excreta. In view of this circumstance, it was decided 
to check the purity of the discoloured samples in the following way. The 
material was washed back from the Gooch into a small beaker with 
80-*100 c.c. hot water. 10 c.c. of 5 per cent, lithia were now added and 
the uric acid dissolved by means of gentle heat. The lithia extract was 
washed by means of distilled water into a 250 c.c. measuring flask, made 
up to the mark and weU mixed. After settlement of the asbestos, 100c. c. 
of the clear solution were pipetted off and titrated with 0*05 iV.KMn 04 
in the manner to be described in the next section. In all cases where the 
uric acid was discoloured, the result obtained by titration was slightly 
lower than that obtained by direct weighing. This fact is illustrated by 
the following typical figures. 


Duplicates 

Percontajj;c uric acid in ^ ^ 

moist excrement (1) (2) 

(a) , By direct weighing 2-51 % 2*45 % 

(b) By KM nO^ titration 2*44% 2^38% 


Du jdi cates 

r '' ^ 

(3) (4) 

2-35 2'38 % 

2*33 % 2‘35 % 


Duplicates 

( 5 ) ” 17 ) 

2'05 % 2-09 % 
2 00 % 2-04 % 


If, therefore, the uric acid when filtered on to the Gooch filter in the 
final stage is at all discoloured, it is safer to rely on the estimation by 
titration with standard permanganate solution than by direct weighing. 
In the latter case, the result may be slightly on the high side. An obvious 
advantage attaching to the titration method is the great saving of time 
and labour involved. 


Detailed Description of Method. 

The excrement is thoroughly mixed by means of pestle and mortar 
and a sample of 8-10 gm. of the moist homogeneous mass is weighed into 
a beaker of 180-200 c.c. capacity, preferably provided with a lip. The 
sample is then freed from colouring matter in the manner described in 
the preceding section by successive treatment with alcohol and ether. 
After complete removal of ether, the small amount of material on the 
filter paper is washed back into the beaker containing the bulk of the 
extracted excrement by means of a jet of hot water, about 35 c.c. of 
water being used for the purpose (see Note 1), 

Journ, of Agrio. Soi. xiv 


28 
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The contents of the beaker are now thoroughly mixed by stirring and 
brought gently to the boil. At this point 5 c.c. of concentrated hydro- 
chloric acid are run in from a pipette, the heating and stirring being 
continued for about a minute. The volume of the liquid is then reduced 
to 20 c.c. on the sand bath and the beaker is set aside overnight in a cool 
place (see Note 2). 

The acid liquid is next poured through a small folded filter paper and 
the residue washed with a little cold water to remove excess of hydro- 
chloric acid (see Note 3). The material is once more washed back into 
the beaker with about 40 c.c. hot water (see Note 4) and after bringing 
to a gentle boil, 5 c.c. of 5 per cent, lithia are added and the boiling and 
stirring continued for about a minute. Immediately after settlement of 
undissolved material, the lithia solution is filtered off through a fluted 
filter paper (see Note 5) and the residue is well boiled out with small 
portions of dilute lithia, using for this purpose a mixture of 45 c.c. water 
and 5 c.c. of 5 per cent, lithia. This very dilute lithia is also used to 
extract the small filter paper on to which the acidified excrement had 
been filtered in the previous operation. The wasliing is finally completed 
with boiling distilled water until the liquid coming through the filter 
no longer reacts alkaline. 

The filtrate and washings, which measure about 150 c.c., are now 
evaporated to 100 c.c. on the sand bath. This evaporation, however, 
is not actually essential and is merely designed to secure economy in the 
use of ammonium chloride in the succeeding stage. During the process 
of concentration, a little lithium carbonate may separate out, but this 
does not interfere with the estimation of the uric acid, since it readily 
dissolves again in the hydrochloric acid added in the last stage of the 
method. 

The concentrated liquid (100 c.c.) is allowed to cool somewhat and 
30 gm. of ammonium chloride are stirred in (see Note 6). After allowing 
to stand overnight, the ammonium urate is filtered on to a small hardened 
filter paper and washed with a little saturated ammonium chloride 
solution (see Note 7). Whilst still wet, it is washed back into the beaker 
with about 50 c.c. of hot water and after bringing to the boil, 5 c.c. of 
concentrated hydrochloric acid are run in. This treatment should result 
in the ammonium urate going immediately and completely into solution, 
and uric acid readily crystallises out on cooling. 

The volume of the liquid is now reduced to 20 c.c. on the sand bath 
and after standing overnight, the crystals of uric acid are filtered on to 
a weighed Gooch filter and washed with a little cold water till free from 
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chloride (see Note 8). After drying in the steam oven for two hours, the 
material is washed with a little ether to remove any traces of fat which 
might be present (see Note 9). It is then dried to constant weight. 

If, however, the uric acid is at all discoloured, it is better, for reasons 
already enumerated, to complete the estimation not by direct weighing 
but by titration with permanganate (see Note 10). The contents of the 
Gooch after filtering and washing are transferred back to the beaker and 
dissolved in dilute lithia, the solution being made up to 250 c.c. as 
described in a preceding section. 100 c.c. of the clear alkaline extract are 
pipetted into a conical flask and to this is added 20 c.c. of concentrated 
sulphuric acid. The hot liquid is titrated forthwith with 0*05 N . KMnO^ 
(see Note 11). In calculating the amount of uric acid, the following factor 
may be used : 

1 c.c. 0*05 KMn 04 — 0*00375 gm. uric acid. 

It is, however, more satisfactory to standardise the permanganate 
previously against pure uric acid (see Note 12). 

Notes on the Method. 

Note 1. Uric acid is insoluble in both alcohol and ether. In order 
to be assured of the insolubility of ammonium urate in tlicse solvents, 
a known weight was submitted to extraction with alcohol and ether. 
The residue was decomposed in the usual manner with hydrochloric 
acid and the uric acid coUected on a Gooch and weiglicd. 

Weight of uric acid in ammonium urate — 0-1 700 gm. 

„ „ recovered — 01694 

Note 2. Under these conditions the uric acid is entirely insoluble. 
Qualitative tests carried out on the acidic filtrate showed that the latter 
contained no dissolved uric acid. 

Note 3. An ordinary Townson and Mercer filter paper (diani. 3 ins.) 
was used in this process. 

Note 4. If the material after washing back into the beaker is still 
very acidic, it is advantageous to bring almost to neutrality with dilute 
soda before extracting with lithia. In this way, the use of an excessive 
amount of lithia is avoided. It is also important to wash back the residue 
into the beaker before it begins to dry on the filter. 

Note 5. An ordinary Townson and Mercer filter paper (diam. 6 ins.) 
was found to be satisfactory for this purpose. 

Note 6. If the uric acid is to be determined gravimetrically, then 
the ammonium chloride used to saturate the lithia extract must contain 
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no insoluble material. It is advisable, therefore, to use ammonium 
chloride which has been dissolved in hot water, filtered and allowed to 
crystallise out again. 

Note 7. The ammonium urate precipitate separates in a bulky and 
flocculent condition. It settles very readily and is easily filtered off and 
washed. 

Note 8. In arriving at the weight of uric acid, it is customary to add 
on 0*001 gm. for every 15 c.c. of acid mother liquor and not to allow 
anything for the wash water. In view of the fact that the opinion formerly 
widely held that uric acid was more soluble in aqueous solutions of 
strong acids than in water is erroneous, the writer does not consider it 
necessary to make any allowance for the solubility of uric acid in the 
mother liquor, provided the volume of the latter does not exceed 
20-25 c.c. 

Note 9. In the initial experiments, the writer washed the moist 
uric acid on the Gooch after removal of chlorides first with alcohol and 
then with ether. Frequently, however, the effect of the alcohol was to 
cause the precipitate to become somewhat sticky, and for this reason 
the process was modified as described. At all events, the amount of fat 
present at this stage must be exceedingly small, in view of the initial 
treatment of the excrement with ether and the subsequent action of 
acid and alkah. 

Note 10. In the larger number of trials made by the writer, the uric 
acid when collected on the Gooch was sHghtly discoloured, and recourse 
was therefore had to the permanganate titration method for the estima- 
tion of the amount of uric acid. 

Note 11. If 0*05iV.KMnO4 be run into a solution of uric acid in 
warm dilute sulphuric acid, then the uric acid is readily oxidised to 
allantoin and the colour of the permanganate disappears. At first every 
drop of permanganate is decolorised at once and the pink colour does 
not diffuse even momentarily throughout the liquid. The end point is 
reached as soon as a drop of permanganate produces a pink flush through- 
out the liquid. Some practice is required in order to enable the experi- 
menter to decide when this point has been reached, since the pink colour 
only remains for a short time, and after its disappearance, the further 
addition of another drop of permanganate restores the pink colour. This 
disappears in its turn on standing and the process can be repeated for 
some time. The first pink flush must therefore be carefully looked for. 

Before estimating the amount of uric acid by this method, it is of 
obvious importance to wash the crystals free from chlorides. 
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The titration with permanganate can further be carried out directly 
on the ammonium urate precipitate. This proceeding, however, does not 
result in any appreciable economy of time or labour, since the ammonium 
urate must first be washed free from chloride by means of ammonium 
sulphate solution (9 volumes of saturated solution to 1 volume of water). 
Not only is this a difficult and tedious process, but it is also of importance 
that the ammonium sulphate be free from ferrous salts, an impurity 
which is invariably present. The removal of iron is not a simple matter 
and depends on treatment with ammonium sulphide. 

Note 12. The writer used the following method to standardise the 
permanganate solution against uric acid. 

Approximately 1 gm. of ammonium urate was weighed out into a 
beaker and decomposed with hydrochloric acid in the usual manner. 
The uric acid was filtered on to a Gooch, well washed, dried and weighed. 
It was then dissolved in lithia and the solution made up a litre. 100 c.c. 
of this standard solution was used for standardisation of the permanganate 
reagent. 

Final Tests on the Method. 

The accuracy of the method for estimating uric acid in poultry 
excreta was submitted to further confirmation by the tests outlined below. 

1. A weighed amount of ammonium urate of known uric acid content 
was submitted to the complete series of processes involved in the method 
as outlined in the previous section. The following satisfactory result 
was obtained. 

Weight of uric acid in ammonium urate — 01451 gm. 

„ „ recovered —01 445 

2. In order to ascertain definitely whether the presence of protein 
interfered with the accuracy of the method, the following decisive experi- 
ment was carried out. To a weighed amount of ammonium urate was 
added approximately half its weight of a mixture of equal quantities 
of gliadine and glutenine. The latter proteins were chosen on account 
of the probability of their presence in poultry excreta arising from the 
consumption of grain diets. The following results were obtained in the 
estimation of uric acid in such a mixture. 

Weight of uric acid in ammonium urato — 0 1845 gm. 

„ protein mixture added =01000 

„ uric acid recovered by (a) direct weighing =0-1830 
(6) KMn 04 titration =01820 

It will be noted that the presence of a relatively large proportion of 
entirely undigested protein does not in any way affect the accuracy with 
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which the determination is carried out. Nor is this surprising in view of 
the fact that the material is subjected to the alternate action of hot acid 
and alkali during the estimation. It was noted that the clear alkaline 
filtrate obtained after precipitating the ammonium urate from the lithia 
extract gave a precipitate of protein on acidification. The protein is not 
to any noticeable extent removed from solution by the action of am- 
monium chloride, and this is further borne out by the observation that 
during the decomposition of the ammonium urate with hydrochloric 
acid, a perfectly water clear solution was at first obtained as was the 
case when ammonium urate, without any addition of protein, was 
employed. From this clear solution, uric acid separated in characteristic 
crystalline form. If, however, the ammonium urate precipitate should 
be contaminated with a little protein, then the latter would be removed 
during the treatment with hydrochloric acid. 

3. In the concluding trial, four samples of about 10 gm. of well mixed 
poultry excrement were weighed out into beakers. The uric acid content 
was determined in two of the samples by the new method. The excellent 
agreement between the duplicates in this trial will be noted. To the 
third and fourth samples were added known weights of ammonium urate 
and the total uric acid now present was determined. Using the figure 
obtained in duplicates 1 and 2, it was possible to calculate the uric acid 
content of the samples of excreta weighed out into beakers 3 and 4. 
These amounts were then subtracted from the total uric acid figures as 
found by analysis. The resulting figures should agree with the amounts 
of uric acid originally added in the form of ammonium urate. Con- 
sidering the severity of the test, the actual agreement obtained was very 


satisfactory, as is shown by the following figures : 

( 1 ) ( 2 ) 

Percentage of uric acid found in excreta (KMn 04 titration) 3-91 % 3-91 % 

(3) (4) 

Weight of uric acid added as ammonium urate ... ... 0*1479 gm. 0*1630 gm. 

„ „ determined by analysis ... 0*1600 0*1646 
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CRITICAL NOTE ON THE METHOD OF CORRECTING 
PROTEIN DIGESTION COEFFICIENTS. 


By HERBERT ERNEST WOODMAN, Ph.D., D.Sc. 

Institute for the Study of Animal Nutrition, School of Agriculture, 
Cambridge University, 

The object of this note is to call into question the soundness of the 
generally accepted method by which the so-called apparent protein 
digestion coefficients of foodstuffs are corrected. 

The digestion coefficient for the protein of a foodstuff as ordinarily 
determined by animal experiment does not afford a strictly accurate 
idea of the actual digestibility of that constituent. The figure represents 
a minimum value, and this arises from the well-known fact that the 
faeces do not consist solely of undigested food residues, but are to an 
appreciable extent contaminated by nitrogenous products which have 
been secreted into the alimentary tract and have escaped reabsorption. 
The nature of this so-termed metabolic material is twofold, being partly 
protein (mucus, epithelium, etc.) and partly non-protein (residues of 
digestive secretions, etc.). Before proceeding to a critical survey of the 
correction method, which is designed ostensibly to enable allowance to 
be made for the presence of such products in the faeces, it is of essential 
interest to consider briefly the true significance of the term ‘'protein 
digestibility.’’ 

It appears to be a warrantable assumption that, given the optimum 
conditions, most, if not all, proteins would be fully digestible, i,e. possess 
a digestion coefficient of 100. This remark follows from a consideration 
of the comparative ease with which the peptide linkage is disrupted 
during hydrolysis. The question naturally arises as to why this theoretical 
value is never encountered in animal experiments, even when allowance 
has been made for the presence of nitrogenous metabolic products in 
the faeces. Further, what is the explanation which accounts for the 
wide variation in the digestibility of the proteins of the different food- 
stuffs? Several reasons may be adduced in answer to these questions. 

(1) The protein constituent may be in some measure “protected” 
from enzymic activity by being embedded in indigestible material such 
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as cellulose. This consideration probably explains why protein from the 
concentrates is digested more thoroughly, as a rule, than protein from 
roughages. The protein from the latter is surrounded by tougher and 
more fibrous cell walls than that of the concentrates. 

(2) The foodstuff may possess a tough or tenacious physical character, 
which prevents its being readily penetrated and attacked by the digestive 
fluids. An extreme instance of this is gristle. Such material, unless very 
thoroughly masticated, may almost wholly escape digestion. 

(3) The foodstuff may be consumed in such a form that a proportion 
of it escapes being reduced to a state of fine division by mastication. An 
example of this is afforded in the feeding of coarsely ground maize to 
pigs, when small pieces of grain, apparently unaffected by the digestive 
processes, find their way into the faeces. Such excreted grain must 
contain the proteins of maize in an unaltered form. It is also common 
to find unaltered grain in the excreta of poultry. 

(4) The foodstuff may have been submitted to cooking processes 
which have brought about coagulation of protein. In such circumstances 
the solution of the protein by digestion will be rendered more difficult 
and consequently a larger proportion of undigested protein will be 
recovered in the faeces. 

(5) The rate of passage of the foodstuff through the alimentary tract 
may be such as to allow only of incomplete reaction of the protein with 
the various proteolytic enzymes. A further reason may be found in the 
establishment of equilibrium between reacting substances and products 
of reaction. It is quite conceivable that such an equilibrium characterises 
the gastric digestion of protein, although it is less likely that such a state 
of affairs could exist in the final stages of digestion in the small intestine, 
where the products of the reaction, namely amino acids, are being 
absorbed continuously from the tract. In this connection, however, it is 
important to bear in mind that if for any reason any part of the j^rotein 
escapes breakdown in the peptic and tryptic stages of digestion, then 
such a fraction will entirely escape digestion, since erepsin appears to be, 
with one or two exceptions, entirely without' action on unchanged 
proteins. 

With herbivora, it is probable that the different results obtained 
for the digestibility of the protein from different sources are due mainly 
to the operation of the first of the factors enumerated above. Thus, 
when a protein digestion coefficient is given as 70, the figure actually 
signifies that the protein is so ‘^protected” in the foodstuff that during 
the passage of the latter through the digestive tract, a portion of the 
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protein entirely escapes the action of enzymes and this fraction, when 
added to the nitrogenous substances of the faeces not arising from food- 
stuff protein, represents 30 per cent, of the consumed protein. The main 
point is that the protein thus passing into the faeces should not be 
regarded literally as “indigestible protein” but rather as “undigested 
protein,” since under suitable conditions the undigested fraction would 
be attacked and hydrolysed by enzymes. 

It follows therefore that the proteins of different foodstuffs do not 
differ so much in regard to actual digestibility, but rather in respect of 
their accessibility to the digestive enzymes. It is in respect of this latter 
factor that the digestion trial affords information and it is clear that the 
important constituent of the faeces in connection with the determination 
of protein digestibility is the undigested food protein. With this idea in 
mind, the illogical nature of the usual method of correcting the protein 
digestion coefficient becomes apparent. The method consists in the 
treatment of the faeces with pepsin-HCl reagent at 37° C. under specified 
conditions and the subsequent determination of the amount of nitrogen 
in the material which remains undissolved in this process. This nitrogen 
is assumed to constitute a measure of the undigested food protein and the 
calculation of the protein digestion coefficient is made on this basis. It 
seems, however, at once obvious that this assumption is of very dubious 
validity, since the reagent employed in the reaction, namely, pepsin- 
HCl, is one which is used to effect solution of protein. In view of this, 
it is difficult to believe that the protein residues of the foodstuff are still 
present in their entirety in the insoluble material remaining after the 
action of the pepsin-HCl solvent. 

This method of obtaining the true protein digestion coefficient was 
first used by Pfeiffer (2) and originally encountered considerable opposition. 
The latter, however, appears to have been forgotten and the method 
has come to be used without question. Pfeiffer claimed to have proved 
that the nitrogenous metabolic products of the faeces could be brought 
completely into solution by treatment with pepsin-HCl according to the 
conditions laid down by Stutzer (3). In demonstrating this, he used pig 
faeces which had been derived from a protein-free diet. Paijkull(4), 
however, showed that a flocculent precipitate separated from a solution 
of the mucous substance of bile in 0-3 per cent. HCl by treatment with 
pepsin at 40° C. Billow (5) pointed out that although Pfeiffer had shown 
that treatment of pig faeces arising from the consumption of a nitrogen- 
free diet with pepsin-HCl at 37° C. brought about solution of the whole 
of the metabolic nitrogen, yet the more important point had not been 
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proved, namely, that when normal faeces are acted upon by this reagent, 
only the metabolic nitrogen is removed. No proof had been adduced to 
show that residual food nitrogen would not also be brought into solution 
by this method. 

Pfeiffer, however, argued that if the protein had defied solution in 
the natural digestive processes, then it would also resist the action of 
the proteolytic enzyme during the treatment of the faeces with pepsin- 
HCl. This view, in the writer’s opinion, assumes the protein of the faeces 
to be literally indigestible protein and not merely a fraction which has 
escaped gastric digestion by reason of the presence of ‘‘protective” 
substances. Subsequent to peptic digestion, the foodstuff has been 
subjected to the action of enzymes and bacteria which have removed 
wholly or in part such protective materials as fat and fibre. Furthermore, 
the faeces have, also been dried and finely powdered, so that it is im- 
probable that under these conditions the residual food protein will be 
inaccessible to the action of pepsin when the sample of faeces is treated 
with pcpsin-HCl. Pfeiffer’s method virtually means that the food 
residues are subjected to a further digestion under most favourable 
conditions. Consequently a high protein digestion coefficient will be 
obtained in this way which will not truly reflect the capacity of the 
animal for digesting the protein in the consumed foodstuff. 

In order that this method should be reliable, it is necessary to assume 
that pepsin-HCl dissolves completely all forms of metabolic nitrogenous 
material whilst at the same time the residual food protein is entirely 
unattacked. The reverse, however, is probably true, namely, that the 
metabolic nitrogenous substances are not wholly dissolved (e.g, mucous 
material, epithelial waste, etc.) whilst appreciable amounts of residual 
food protein are brought into solution. 

The application of the Pfeiffer method, by adding on to the natural 
digestive process a further proteolytic digestion under favourable con- 
ditions, must lead to anomalous results. A case in point may be referred 
to briefly. Although it is well known that the initial treatment of a 
foodstuff may affect its digestibility considerably, it is difficult to see how, 
by the use of the Pfeiffer method, the effect of such treatment on the 
protein digestibility could be revealed. The corrected protein digestion 
coefficients for cooked and uncooked maize, for instance, would be 
identical, since in both cases the value of the coefficient would be con- 
trolled by the final digestive action of pepsin-HCl on the residual food 
protein of the faeces. For the same reason, it would be impossible to 
investigate the influence of idiosyncracy and species on the digestibility 
of the protein of a given foodstuff. 
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The moderate agreement which is sometimes noted between the 
protein digestion coefficients corrected as above and those obtained by 
direct action on the foodstuff of pepsin-HCl at 37° C. has been cited as 
a confirmation of the correctness of Pfeiffer’s method. It might be urged 
that such agreement is not altogether unexpected, since the controlling 
factor in both cases is the reaction of pepsin-HCl with foodstuff or faeces. 
In the writer’s opinion, however, such agreement when obtained is 
accidental. Cases exhibiting striking lack of agreement may be quoted. 
Crowther and Woodman (i), for instance, obtained the value of 90 for 
the digestion coefficient of palm kernel meal protein as determined by 
animal experiment and corrected by Pfeiffer’s method. By direct treat- 
ment of the meal with pepsin-HCl in vitro the low value of 78 was obtained. 
The result appears to confirm the supposition of the writer that although 
the protein of the foodstuff may be in some degree ‘"protected” from the 
action of pepsin, yet in the faeces this “protective” action is no longer 
exerted and consequently the residual food protein of the faeces is 
readily attacked by pepsin-HCl. 

How then may the true digestibility of the protein of a foodstuff be 
measured? It must be admitted that the estimation of the residual food 
protein in faeces presents a difficult if not impossible problem. A true 
protein determination on the faeces would be helpful, if it were not for 
the presence of protein among the metabolic nitrogenous products. It 
is probable that the most reliable values are obtained by acting on the 
foodstuff with pepsin-HCl in vitro. The by no means improbable assump- 
tion involved in this view is that the fraction of the protein of a foodstuff 
which escapes the action of pepsin in the stomach of an animal is ulti- 
mately excreted in the faeces as undigested protein. The chief objection 
to this method is its arbitrary nature, the process being carried out under 
certain definite conditions irrespective of whether the foodstuff is rich 
or poor in protein. That the results obtained in this manner may some- 
times be difficult of interpretation is shown by the following experiments 
carried out by the writer. Six lots of about 5 gm. of finely ground linseed 
cake were weighed out into beakers and each sample was treated with 
pepsin-HCl at 37° C. according to the conditions specified in the method. 
The undissolved residues were then filtered off on to hardened filter 
papers and were well washed with hot water. The nitrogen content of 
two of the residues (A and B) was then determined, whilst the remaining 
four residues were washed back into the beakers and were submitted to 
the action of pepsin-HCl as before. After this treatment, the nitrogen 
content of the third and fourth residues (C and B) was determined, 
whilst the fifth and sixth residues were again washed back into the 
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beakers and the digestion with pepsin-HCl was carried out a third time. 
The final residues {E and F) were filtered off, washed and their nitrogen 
content determined. The following results were obtained : 

Nitrogen in linseed cake— 5-225 %. 

Undigested nitrogen after first treatment (mean of A and B ) = l-36fi %. 

Digestion coefficient of linseed cake protein— 73-8 . 

Undigested nitrogen after second treatment (mean of G and D)= 0-7 1 4 . 

Digestion coefficient of linseed cake protein - 86-3 %. 

Undigested nitrogen after third treatment (mean of E and F) - 0-647 . 

Digestion coefficient of linseed cake protein 87-6 %. 

The low result obtained after the first treatment is probably the 
consequence of the establishment of equilibrium in the reaction between 
protein and enzyme. The value thus obtained for the protein digestion 
coefficient can only accurately reflect the extent to which the protein 
would be digested naturally provided a precisely similar equilibrium is 
set up in the stomach of the animal. This is scarcely to be anticipated, 
since the digestion in vitro is fundamentally dissimilar from true gastric 
digestion. It is more probable that the value obtained after the additional 
treatment with pepsin-HCl more nearly approximates to the digestibility 
of the protein in the animal. 

The foregoing considerations reveal therefore the difficulties attaching 
to any attempt to determine the exact extent to which the protein of a 
foodstuff is digested by an animal. On the other hand, there exist cogent 
reasons why the ‘‘apparent” digestion coefficients should be retained. It 
is these values which have been employed in the calculation of food 
values according to Kellner’s system. The corrected coefficients have 
not so far been utilised for this or any similar purpose. Furthermore, 
since the amount of metabolic material in the faeces is actually a crude 
measure of the difficulty experienced in digesting the food and is related 
not only to the amount but also to the nature of the organic matter 
digested, it is not without value to have a rough expression of these factors 
in the protein digestion coefficient. The corrected coefficient is of merely 
theoretical interest; from the standpoint of food values, it is of greater 
moment to possess information concerning the amount of nitrogen lost 
to the organism through the faeces per 100 gm. of protein consumed. 
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STUDIES IN CROP VARIATION. 


III. AN EXAMINATION OF THE YIELD OF DRESSED 
GRAIN PROM HOOS FIELD 

By WINIFRED A. MACKENZIE, B.Sc. (Econ.). 

Rolhamsied Experimental Station. 

(With Six Text-figures.) 

I. INTRODUCTORY. 

In 1921, Mr R. A. Fisher published the results of a statistical analysis 
of the yield of dressed grain from the Broadbalk Wheat field at the 
Rothamsted Experimental Station (l). The present paper sets forth the 
results of a similar analysis of the yield of dressed grain from the Hoos 
Barley field of the same station. Of the 28 plots which are at present in 
existence, 13 have received the same manurial treatment since 1852, 
and these were selected for detailed analysis. The examination extends 
over the 70 years 1852-1921 — the last year available when the investiga- 
tion was started. 

Even in the case of the 13 selected plots, certain slight alterations 
and modifications have taken place from time to time. These are recorded 
below. 

Changes in Manurial Treatment. 

(a) In 1862 the two plots 5-A and 5-0 were laid down next to each 
other; both received 3921b. superphosphate and 3001b. sulphate of 
potash, but in addition 5-A received 100 lb. sulphate of ammonia and 
100 lb. ammonium chloride per acre. The foUowing year, plot 6-0 
was used for a nitrate of soda test, and plot 6-A was divided, one half, 
still called 5-A, receiving ammonium salts in addition to superphosphate 
and sulphate of potash; and the other half, in future called 6-0, receiving 
only the two latter manures. In the analysis, the yield of the original 
5-0 has been used for 1862. The width of the new plot is only 87 links, 
and is adjacent to that used in 1862; hence the inherent fertility of the 
soil was probably about the same. The residual effect of the one year’s 
application of ammonium salts was probably not very great, and would 
only have an insignificant effect upon the yield of the following year. 
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(b) In 1858 the quantity of sulphate of potash was reduced from 
300 lb. to 200 lb. per acre on plots 3, 4 and 6, series 0 and A; also, the 
quantity of sulphate of soda was reduced from 200 lb. to 100 lb. per 
acre on plots 3 and 4 in series 0 and A. 

(c) In the year 1880, 200 lb. per acre of both sulphate of ammonia 
and ammonium chloride were applied on plot 5-A, but in 1881 the old 
quantity of 100 lb. per acre of each was reverted to. 

(d) On the A series, in 1887, ammonium chloride was replaced by 
sulphate of ammonia on the basis that 125 Ib. of sulphate of ammonia 
was equivalent to 1001b. of ammonium chloride. The latter was used 
again in the following years. 

(e) From 1898 till 1902 inclusive, 4001b. of basic slag was applied 
on plots 2, 4 and 5, series 0 and A, instead of 392 lb. superphosphate. 

(/) For the season of 1901, half of each of the plots 1-4, series A, 
received a dressing of 258 lb. of bicarbonate of ammonia instead of 
the usual 1001b. sulphate of ammonia and 100 lb. ammonium chloride. 
The halves were harvested separately in 1901, but no separate weighings 
were recorded in the following year, so that the residual effect of the 
bicarbonate of ammonia cannot be estimated. 

(^) The seed for the 1908 crop was treated with Schering’s formalin 
before sowing: every four bushels of seed was soaked in 8 gallons of 
water in which ^ lb. formalin had been dissolved. After soaking in the 
solution for 10 minutes, the seed was drained through a brass wire sieve, 
and spread thinly over the floor until dry. 

(k) During the two years 1917 and 1918 sulphate of potash and 
sulphate of magnesia were omitted from the plots usually in receipt of 
these manures, viz. plots 3 and 4, series 0 and A. In 1917 also ammonium 
chloride was again replaced by sulphate of ammonia on plots 1~5, 
series A, and has not been used since. 

It is difficult to say what would be the effect of these various changes 
upon the statistical results. The influence (if any) of such temporary 
alterations as those of (c), (d) and (g) would doubtless appear as annual 
variation. The influence of substitutions such as that of (e) is more 
difficult to determine. If we may assume that the manure actually 
applied was equivalent to that usually used — and the records infer tliat 
such was the intention of Sir John Lawes — the modification would have 
no influence upon the variation. For 1901 the yield upon the half plot 
which received the usual dressing of sulphate of ammonia and ammonium 
chloride has been used in the present analysis. As no distinction was 
made between the two sections in the records of 1902, a general figure 
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for the whole plot had to be used for the plots affected. If the residual 
effect of bicarbonate of ammonia is the same as that of the salts which 
it replaced, this alteration would have no effect upon the statistical 
analysis. On plot 4-A, the plot which was most affected by the sub- 
stitution, the yield on the half plot receiving bicarbonate of ammonia 
was 18 bushels per acre in 1901 compared with 24 bushels on the other 
half, a difference of 6 bushels. The difference in the yield on the two 
halves in the following year was probably negligible, therefore — at least 
as regards the present investigation. 

The Fallow of 1912. 

Owing to the growing foulness of the plots, the whole field was 
fallowed in 1912, This made a rather unfortunate break in an otherwise 
uniquely continuous series. To fill this gap for the purpose of statistical 
analysis the average of the six years 1909-11 and 1913-15 was adopted 
as an estimated yield for 1912. The crop for 1913 was much heavier 
than usual, of course, on account of the preceding fallow, and for this 
rea^n it might have been better if this year had not entered into the 
estimate for 1912. On the other hand a yield as high as — in some cases 
even higher than — that of 1913 was obtained from the majority of plots 
in 1916. Thus the average figure adopted was considered appropriate 
for the purpose. 

Changes in Variety. 

From time to time the variety of seed used has been altered. Below 
is given a list of the varieties used during the 70 years under consideration : 

1852-1880 Chevalier Barley 
1881-1890 Archer’s Stiff Straw Barley 

1891-1897 Carter’s Paris Prize 

1898-1901 Archer’s Stiff Straw Barley 

1902-1905 Hallett’s Pedigree Chevalier Barley 

1906-1916 Archer’s Stiff Straw Barley 

1917 onwards Plumage Archer. 

Such changes give rise to a certain amount of variation due to genetical 
differences. It will be noticed that since 1880 there has been a tendency 
to change the variety of seed used at fairly frequent intervals. The more 
frequent the changes in variety, the greater the likelihood that the 
genetical effects will be included in the annual causes of variation. If 
the variety were altered at infrequent intervals one would expect the 
genetic influences to appear as slow changes. A study of the polynomial 
curves provides good evidence that the effect of genetic differences is 
by no means an important cause of the slow changes revealed. 
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Number of Rows of Barley. 

The number of rows of barley on each plot has varied somewhat 
during the period. In 1852 it is recorded that there were ‘'20 rows upon 
each land'’ and that sowing commenced ''on the 19th land from the 
Clover Experimental plots.” The meaning of the term “land” is obscure, 
but it appears to have been a rather indefinite measure — the men 
“stepped it out.” If the drilling of the seed commenced at the edge of 
the barley plots, on plot 7, as one may reasonably suppose, then a “land” 
would be approximately 16 feet. Taking into consideration the quantity 
of seed used and the width of the plots, and assuming a land to be 16 feet, 
it is estimated that there were probably 73 rows per plot in 1852. No 
further information is given concerning the number of rows until 1897 
when it is recorded that there were 78 rows per plot. At the present time 
there are 90 rows. The exact date of the change from 78 to 90 is unknown, 
but it appears to have taken place prior to 1911. Or it may be that the 
number of rows was increased to 90 many years earlier and that the 
note in 1897 only records a deviation from the usual procedure for 
that year. The quantity of seed used per acre remained the same 
throughout the whole period of 70 years (2J to 2| bushels per acre). 
It is probable therefore that the variation in the number of rPws was the 
result of variations in the distribution of the seed, designed to test the 
relative advantage of thick and thin sowing in the rows. Owing to the 
great annual variation due to weather conditions the effect of these 
changes in the number of rows is obscured. 

Object of Paper. 

The object of the present paper is to determine the slow changes 
which have taken place in the mean yield of the thirteen selected plots; 
and to indicate the relationships between manurial treatment and mean 
yield and deterioration respectively. No attempt is made in this present 
paper to examine the effect of rainfall upon the barley crop. Methods 
have recently been devised by Mr R. A. Fisher which enable one to make 
a more detailed investigation of this problem than has hitherto been 
possible. The amount of time and labour involved in an adequate study 
of this interesting subject of the relationship between weather and crops, 
by the methods recently elaborated, made it appear desirable to leave 
this question for future study. 


Joam. of Agrio. Soi. xiv 
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Method of Analysis. 

The method developed by Mr R. A. Fisher in connection with his 
examination of the yield of dressed grain from Broadbalk(i) has been 
used in the following investigation. This involves fitting polynomials to 
the various series of plot yields, and analysing the total variance into 
the amount due to deterioration, to slow changes and to annual causes, 

II. MEAN YIELDS IN RELATION TO MANORIAL TREATMENT. 

Of the 26 plots considered in this section, half have received the same 
manurial treatment for a shorter period than 70 years. 

From 1917-20 inclusive, rape cake was unobtainable, and the omission 
of this important source of nitrogen was very evident in the rapid fall 
in the yields from the four plots in the ‘"C,” or Rape Cake series. The 
mean yields for these plots have been calculated upon the 64 years 
1852-1916 (1912 being fallowed). 

The ‘"AA’’ series originally received a double dressing of ammonium 
salts 1852-1858, and then single ammonium salts until 1867, since which 
time the nitrogenous manure has been supplied in the form of an equi- 
valent amoimt of nitrate of soda. In this series, therefore, the mean 
yields have been based upon the 53 years 1868-1921. 

The ‘‘AAS” seriep received the same treatment as the “AA’’ series 
until 13^4, when 200 lb. silicate of soda and 200 lb. silicate of lime were 
added to the previous manure. The change in the nitrogenous manure 
made in 1868 applied to both the “ AA” and the “ AAS’’ series, and at 
the same time, 200 lb. sihcate of soda replaced the 200 lb. silicate of 
lime previously used. Consequently the mean yields given in Table I 
have been based upon the years 1868-1921 only. 

Plot 7-1 was originally part of the Farmyard Manure plot, and 
received the usual dressing of 14 tons dung per acre from 1852 till 1872. 
In that year the plot was halved, and the portion now known as 7-1 was 
left unmanured, and has remained so for the last 50 years. The mean 
yield of this plot, therefore, is based upon the 49 years 1872-1921. 

The standard manuring and the mean yields of each of the 26 plots 
are given in Table I. 

In order that comparisons may more easily be made between plots 
in different series, averages for the years common to all, viz. 1868-1916, 
are also given. 

Plot 7-2 has a mean yield which is significantly higher than that of 
any of the others. This is no doubt due to the fact that the farmyard 



W. A. Mackenzie 439 

manure supplies approximately twice as much nitrogen per acre as the 
other sources of supply. 

Table I. 


Manures per acre 



Farmyard Eape 

Am- 

monium 

Nitrate 

of 

Super- 

Sulphate 

of 

Sulphate 

Sulphate Silicate^ 
of of 

Mean 

yield 

Mean yieia 
per acre 
and standard 


manure 

cake 

salts 

soda 

phogi»hate potash 

of Boda 

magnesia 

soda 

1868-1916 

error of mean 

Plot 

tons 

lbs. 

lbs. 

lbs. 

cwt. 

lbs. 

lbs. 

lbs. 

Ibi. 

bushels 

bushels 

1-0 

— 

— 

— 

— 

— 

— 

— 

— 

— 

1213 

13-97 i- -76 

2-0 

— 

— 

— 

— 

3-5 

— 

— 

— 

— 

17-49 

19-62 ± '91 

3-0 

— 

— 

— 

— 

— 

200 

100 

100 

— 

12-75 

15-00 ± -87 

4-0 

— 

— 

— 

— 

3-6 

200 

100 

100 

— 

17-16 

19*85 i 1-06 

6-0 

— 

— 

— 

— 

3-5 

200 

— 


— 

14-24 

16-22 ± -97 

1-A 

— 

— 

200 

— 

— 

— 

— 

— 

— 

23-06 

24-90 ± MO 

2-A 

— 

— 

200 

— 

3-5 

— 

— . 

— 

— 

34-79 

37-ll±l-51 

3-A 

— 

— 

200 

— 

— 

200 

100 

100 

— 

25-47 

27-13±M5 

4-A 

— 

— 

200 

— 

3-5 

200 

100 

100 

— 

39-79 

40-75^1*14 

5-A 

— 

— 

200 

— 

3*5 

200 


— 

__ 

32-64 

34-92 ±1-22 

1-AA 

— 

— 

~r- 

275 

— 

— 

— 

— 

— 

20- 39 

25-52 4-1-14 

2-AA 

— 

— 

— 

275 

3-5 

— 

— . 

— 

— 

40-75 

40-12 1:1-24 

3-AA 

— 

— 

— 

275 

— 

200 

100 

100 

— 

27-30 

26 14±M2 

4-AA 



— 

275 

3-5 

200 

100 

100 

— 

40-10 

39-31 ±1-22 

1-AAS 

— 

— 

— 

275 

— 

— 

— 

— 

4m) 

32*81 

31-79:4 1-17 

2-AAS 

— 

— 

— 

275 

3-5 

— 

— 

— 

400 

41-92 

4M5±l-33 

3~AAS 

— 

— 

— 

275 

— 

200 

100 

100 

400 

34-62 

33-16 ] 1-28 

4-AAS 

— 


— 

275 

3-5 

200 

1(K) 

1(K) 

400 

43-04 

41-63 ±1-27 

1-0 

— 

1000 

— 

— , 


— 

— 

— 

— 

35-74 

38-38±l-14 

2-C 

— 

1000 

— 

— 

35 

— 

— 

— 

— 

38-05 

40-56±M8 

3-0 

— 

1000 

— 

— 

— 

200 

100 

100 

— 

34-54 

37-m)±l-20 

4-0 

— 

1000 


— 

3-5 

200 

100 

100 

_ 

38-11 

40-57 ±1-21 

6-1 

■ 






— 

— 

— 

— 

— 

13-23 

15-51 ± *85 

6—2 

7-1 



20 bushels ashes from laboratory fumaoe 


14-83 

25-01* 

16-46 ± -83 
22-46±l-56 

7-2 

14 

__ 

— 


__ 

— 

— 

— 

— 

46-18 

46- 17 ±1-20 


* 1872— 1910 only. 


The great importance of phosphoric acid is brought out very clearly 
by a comparison of the mean yields of plots 3 and 4 in each series. The 
manurial treatment of these plots differs only in respect of the omission 
(plots 3) or inclusion (plots 4) of this source of nutriment. In every case 
the mean yield of plot 4 is significantly greater than that of plot 3. 

Unfortunately there are no Broadbalk plots which exactly correspond 
with any of the plots 3 and 4 on Hoos Field. The only two wheat plots 
which can be used to judge the effect of superphosphate are plots 10 
and 11. Both of these plots are starved for potash and consequently 
a comparison of their means over the whole period is hardly a just one, 
since the later yields are greatly influenced by potash starvation. That 
superphosphate is of more importance to the Barley crop than to the 
Wheat crop may be seen by comparing the mean yields of plots 10 and 11 
Broadbalk 1852-1870, before the lack of potash was so acute, and the 
means for the same period of the two Hoos Field plots 1-A and 2-A, 

29—2 
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which most resemble the wheat plots in manurial treatment, being also 
starved for potash. 


Table II. 


Plot 10 
„ 11 


Wheat plots 

Double ammonium salts 

„ „ and superphosphate 


Barley plots 

Plot 1-A Single ammonium salts 

„ 2-A „ „ and superphosphate 


Mean yield per acre 
1852-1870 

24-93 ± 1‘69 bushels 
28-98 ±1-78 „ 


32-25 4: 1-93 bushels 
47-17±l-81 „ 


The same remarkable response of barley to superphosphate is shown 
by plots 1 and 2 in series 0 and AA and AAS. Only in the rape cake 
series does the addition of superphosphate fail to produce so marked an 
increase in mean yield. This is doubtless due to the fact that rape cake 
contains phosphoric acid, so that all plots receive a small quantity of it 
whether given specifically in the form of superphosphate or not. It is 
estimated that about 4 per cent, of rape cake is phosphoric acid, so that 
the ‘‘ C ” series receives per acre an extra 40 lb. of this important nutrient. 
The usual superphosphate dressing is 392 lb. per acre containing 36 per 
cent, phosphoric acid. The 1000 lb. rape cake per acre therefore, in 
addition to giving 491b. of nitrogen, is equivalent to an extra 1141b. 
superphosphate. In the light of this fact, the relatively unimportant 
increase in mean yield of those plots receiving extra phosphoric acid 
over those receiving only the quantity contained in the m’trogenous 
manure, suggests that the rape cake series forms a partial illustration 
of the ‘‘law of proportional returns.” From the last column of Table I 
we see that the additional 128 lb. phosphoric acid (given as 392 lb. 
superphosphate) produces an increase of only 2*31 bushels in the absence 
of alkali salts and 3*57 bushels when these salts are present. The corre- 
sponding average increases given by the same quantity of superphosphate 
in the series A and AA is 13-05 and 13*56 bushels respectively. If we take 
the average of the excess of 1-C over 1-AA and 1-A as an estimate of 
the increase in yield due to the phosphoric acid contained in the rape 
cake, we find that the first “dose,” equivalent to 114 lb. superphosphate, 
gives an increase of 11 bushels per acre compared with an increase of 
approximately 3 bushels from the extra 392 lb. Thus the greater 
quantity of phosphoric acid yields a less proportionate return than the 
smaller. The information is insufficient to determine what quantity, 
other conditions remaining unchanged, would yield the greatest pro- 
portional return. 
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A comparison of the plots 2~0 with 5-0 and 2~A with 5-A reveals 
a startling and unexpected effect from sulphate of potash : in both series 
the plot without has done better than the plot with potash. The lack of 
response to this important mineral is surprising, and the only explanation 
that has been brought forward in the past is the fact that the plots 5-0 
and 5--A lie at the west end of the experimental land, while the other 
plots in the two series lie at the east end. This might iniluence the yield 
from the potash plots in two ways : 

1. The natural fertility of the soil at the west end might be con- 
siderably lower than that at the east end. 

2. The plots at the west end are to some extent affected by the shade 
of trees, and this might account for the low yield. 


PLAN or HOOS FIELD 
PERMANENT BARLEY PLOTS. 



No data exist by which the uniformity of the field at the beginning 
of the experiment can be determined. There is a certain amount of 
evidence, however, against the view that position in the field accounts 
for the low yields on the potash plots. 
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Plot 1-N lies at the west end of the field, as do plots 6~0 and 6-A 
(see plan). This plot has received a single dressing of nitrate of soda since 
1853. Plot 1-AA received double ammonium salts 1852-1858, and single 
ammonium salts until 1867, since when it has received a single dressing 
of nitrate of soda. This plot lies a little further west than the ‘‘ A ” series. 
If the fertility of the field decreases from east to west we should expect 
the average yield from plot 1-N from 1868-1921 to be significantly 
lower than that from plot 1-AA for the same series of years. Actually 
the yield on plot 1-AA is significantly lower than that of plot 1-N : the 
yields being 25*52 and 28*00 bushels per acre respectively, a difference 
of 2*48 bushels. The standard error of the difference is ± *50 so that a 
difference of more than one bushel would be significant. It may be the 
lower yield on the ‘‘AA” plot is the result of the effect of previous 
manurial treatment upon the texture of the soil. Or it might be urged 
that the central part of the field in which the ‘‘AA*’ plots lie, is less 
fertile than either end. During the decade 1858-67 the AA and the A 
series had the same treatment, viz. single ammonium salts, and for this 
period the^AA” plots show no sign of lower fertility, as the following 
figures show. 

A series. AA series. 

Plot Bushels per acre Bushels per acre 

1 30-48 33-65 

2 49-62 50-24 

3 33-37 36-06 

4 48-05 60-38 

Hence there seems no basis for assuming lower fertility at the west end 
of the field. 

There is also a small amount of evidence which can be cited against 
the view that the shade of trees accounts for the low yield on plots 5-0 
and 5-A. From 1855 till 1892, the land lying immediately west of the 
plots in question was used for experimental purposes. The plot, known 
as “M,” was manured with superphosphate, sulphate of soda, and 
sulphate of magnesia, and may be compared with the 0 series since it 
had no nitrogenous manure. Also “M’’ lies nearer the hedge than even 
5-0 and 5-A and is more under the shade of the trees. One would expect 
that the plot receiving potash and superphosphate would give a higher 
yield than that receiving only superphosphate and sulphates of soda 
and magnesia. 

As shown in Table III, plot 6-0 has a lower mean yield than has M, 
although the latter lies more under the shade of the trees. The difference 
between the yields of these plots, 1*24 bushels, is approximately twice 
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its standard error, -68 bushel, calculated from the yearly differences. 
It may not be significant, therefore, but it is great enough to show that 
the unexpected lack of response to potash revealed by the mean yield 
is due to something more than the shade of trees. 


Table III. 

Mean yield, 1855-92. 

Plot Manuring Bushels per acre 

2-0 Superphosphate only 20*99 i *98 

4- 0 Complete minerals 21*61 i 1*25 

5- 0 Superphosphate, sulphate of potash ... 18*43±1*04 

“M ” Superphosphate, sulphate of soda, sulphate of magnesium 19*67 ± *90 

The difference in yield between plot 2-0 and 5-0, and that between 
plot 2-A and 5-A is very significant in both cases if we use as the 
criterion twice the standard error calculated from the yearly differences. 


Table IV. 


Plot 

Mean yield 
per p'cre. 
Bushels 

Difference. 

Bushels 

Standard error 
of difference. 
Bushels 

2-0 

5-0 

19*62) 

16*22) 

3*40 

±*44 

2-A 

6-A 

37*11) 

34*921 

2*19 

±*74 


This apparently harmful effect of potash is difficult to explain. At 
present we do not know whether the depressed yield is a direct effect of 
potash upon the barley plant, or whether it is the result of a chemical 
reaction between sulphate of potash and an unknown element in the 
soil which is important for the life of the barley plant. It is known that 
potash tends to retard the processes of development, and that with 
barley, a spring sown crop, the processes need to be hastened. It may 
be therefore, that the decreased yield in the presence of sulphate of 
potash is due to the immaturity of the crop caused by the retardation 
of development. In the case of the winter wheat of Broadbalk this 
effect would not be so marked as the crop has a longer time in which to 
come to maturity. It is worth noting that the results of the wheat 
experiments on Broadbalk field show a significant increase when sulphate 
of potash is included in the artificial manure, viz. : 

Mean yield 
per acre 

Plot Dushels 

1 1 Double ammonium saltfl and superphosphate 22*05 i; *91 

13 „ and sulphate of potash 30*21 i ‘91 

It is interesting to note the effect of the alkali salts — sulphate of 
potash, sulphate of soda and sulphate of magnesium— by comparing the 
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3 deld 8 of plots 1 and 3 in each series, and plots 2 and 4 in each series. 
The former comparison shows the effect of the three sulphates in the 
absence of superphosphate, and the latter in the presence of super- 
phosphate. 


Table V. 

Effect of alkali salts in the absence of superphosphate 



Mean yield. 

Difference. 

Standard error 

Plot 

Bushelfi per acre 

Bushels per acre 

of difference 

1-0 

3-0 

13-97 j 

15-00 ( 

+ 1-03 

±•27 

1-A 

3-A 

24-90 

2713i 

+ 2-17 

±*42 

1-AA 

3-AA 

25-52 

2614i 

+ 0-62 

±40 

1-AAS 

3-AAS 

31-79 

33-16( 

+ 1-37 

±•39 

1-C 

3-C 

38-38 

37-00 i 

-1-38 

±•33 


Effect of alkali salts in 

the presence of superphosphate 

2-0 

4-0 

19-621 

19-85 i 

+ 0-23 

±•31 

2-A 

4-A 

37-11 

40-75 i 

+ 3-64 [ + -913] 

±•82 [±-65]* 

2-AA 

4-AA 

40-12 

39-31 S 

-0-81 

±•49 

2-AAS 

4kAAS 

41-15j 

41-63 i 

+ 0-48 

±•57 

2-C 

4-C 

40-56 

40-57 ( 

+ 0-01 

±•38 


* Figures in square brackets refer to years 1852-90 only. 


The standard errors here given are calculated direct from the yearly 
differences, and not from the standard errors of the means given in 
Table I. The only case where the alkali salts show a significant increase 
in the presence of superphosphate is in the case of the ammonium salts 
series. Plot 2~A has shown a marked falling off in recent years, which 
has always been ascribed to potash starvation. This point is dealt with 
in Section IV. If we consider the years 1852-90 only we find that the 
difference in yield between 2-A and 4-A is also insignificant. In the 
absence of superphosphate, a significant increase is shown by the plots 
receiving the three alkali salts in the series 0 and AAS. The rape cake 
series shows an imexpected significant decrease. Since rape cake contains 
a certain amount of phosphoric acid one would have expected the effect 
shown by plots 1-C and 3-C to tend to correspond with that shown by 
plots 2 and 4 in the other series, but the significant negative effect is 
diflBicult to explain. Rape cake also contains about 4 per cent, potash, 
and the lower yield on plot 3 compared with plot 1 may be more evidence 
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of the fact that barley needs only a small quantity of potash for its growth, 
and any Excess tends to exercise a harmful influence on the crop. 

For the early years, the No Nitrogen series supplies us with a little 
information with regard to the effect of sulphate of soda and sulphate of 
magnesia in the absence of sulphate of potash. 

Table VI. 

Decrease or increase of mean 

yield 1855-92 over mean Standard error 

^ yield of Plot 2-0 of difference 

Plot Manuring bushels bushels 

2-0 Superphosphate — — 

4- 0 Superphosphate and alkali salts ... 4-0-61 ±*37 

5- 0 Superphosphate and sulphate of potash - 2-06 db*54 

“M” Superphosphate, sulphate of soda and 

sulphate of magnesia -1*32 i’48 

These figures indicate that either sulphate of potash alone or sul- 
phates of soda and magnesiia alone have a significantly adverse effect on 
the yield, while together they have but little influence in the presence of 
superphosphate. 

The analysis of the Broadbalk data showed that in the case of wheat 
soda and magnesia are of little use in the presence of sulphate of potash. 
A comparison of the plots 4-0 and 4-A with their corresponding plots 
5-0 and 5-A show that in the case of barley these two manures have a 
significant beneficial effect upon the yield when potassium sulphate is 
present. 

Table VII. 

Mean yield in bushels per acre 

With sulphate Without sul- 
of soda phate of soda 

and sulphate and sulphate 

Field Plots Other manuring of magnesia of magnesia 

Broadbalk 7 and 13 Double ammonium salts, super- 
phosphate, sulphate of potash 31-37 ± '90 30-21 *91 

Boos field 4-A and 5-A Single ammonium salts, super- 
phosphate, sulphate of potash 40-75 ±1*14 34-92 ±1*22 

Hogs field 4-0 and 5-0 Superphosphate, sulphate of pot- 
ash 19-85 ±1 06 16-22 ± -97 

The superiority of rape cake over ammonium salts and nitrate of 
soda as the source of nitrogen is seen from a comparison of the average 
yields given in Table I. This superiority may be ascribed to two causes: 

(1) Rape cake supplies the plots with 49 lb. nitrogen per acre, 
whereas the other two sources of supply are only equivalent to 43 Ib. 
per acre. 

(2) As has been pointed out earlier in this section, rape cake contains 
a certain amount of phosphoric acid, which, as we have seen, is important 
for the barley crop. 



446 


Studies in Crap Variation 

Comparing the mean yields 1868-1921 of the four plots in series A 
with the corresponding plots in series AA, we see that in all cases except 
where complete minerals are given, the plots receiving nitrate of soda 
are significantly greater than those receiving ammonium salts. 

In the case of plot 4 the difference is insignificant, but even here the 
plot receiving nitrate of soda indicates the superiority of this form for 
the nitrogenous manure. 

Table VIII. 



Mean yield in bushels 
per acre 

r ^ 

Difference 
in bushels 

Standard error 

Plot 

A series 

AA series 

AA— A 

of difference 

1 

22-33 

25*52 

3-19 

±-45 

2 

:i3-94 

40-12 

6-18 

±•64 

3 

24*57 

26-14 

1-57 

±•43 

4 

38-76 

39-31 

0-55 

±•59 


The effect of silicate of soda, when given in addition to nitrate of 
soda, may be seen by comparing the AA series with the AAS series. 
Table I shows that, in the absence of superphosphate (plots 1 and 3) the 
addition of silicate results in a greatly increased yield. The increase in 
the case of the plots which are in receipt of superphosphate (plots 2 and 4) 
is not nearly so striking. In both cases, the difference in mean yield 
between the two series is significant if we use as the criterion the standard 
error calculated from the yearly differences, viz. ± -49 bushel. The 
beneficial effect of silicate of soda is possibly due to the fact that the 
silicate releases phosphoric acid in the soil, and this would explain the 
greater increase in the case of the plot which receives no superphosphate. 

III. VARIABILITY AND ITS CAUSES. 

Of the plots considered in the previous section, only the thirteen which 
have received the same manurial treatment for the whole period of 
70 years, 1852-1921, have been analysed in detail. With these 13 plots 
it has been possible to distinguish the same three types of variation in 
the yield of barley as in that of wheat (1), viz.: (a) annual variation; 
(6) steady diminution due to deterioration of t<he 8oik-{<0 slow changes 
other than deteriorationTThe causes of the firsflrotypesIBf variation have 
been explained by Mr IT A. Fisher, as follows (i) : “ The annual variations 
may be ascribed primarily to the weather, including in that term not 
only the direct effects of meteorological conditions in stimulating plant 
growth but also physical effects wrought upon the soil, such as the washing 
out of plant nutrients and the indirect effects of fight, temperature and 
moisture in stimulating or retarding the increase of bacteria, protozoa 
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and of the fungal and algal flora of the soil, all of which may be supposed 
to adjust their activities rapidly to the meteorological conditions. The 
steady diminution of yield may be unhesitatingly ascribed to deteriora- 
tion of the soil; either to the exhaustion of natural supplies of potash 
and phosphorus, or perhaps to that of unknown substances required in 
small quantities and not supplied in the artificial manure, or to physical 
changes as yet but little understood or to the gradual exhaustion of the 
power of the soil in producing nitrates in the soil moisture.’’ 

The importance of the slow changes varies considerably and their 
cause is far more difficult to determine. It is impossible to suggest a 
cause of the slow changes which will be true for aU plots and aU crops. 
It is often necessary to bring much external evidence to bear upon the 
question, and the possible causes need to be carefully considered for each 
^lot un der examin ation^ The slow changes on the Hoos Field barley 
pIotTare considered m Section V. 

The total variance of the 13 plots, and the amount due to each of 
the three main causes, are given below: 

Table IX. 

Slow changes 



Annual 


other than 

Total 

P for slow 

Plot 

variance 

Deterioration 

deterioration 

variance 

changes 

1-0 

18-86 

16-02 

6-40 

40-28 

-00023 

2-0 

37-80 

9-87 

10-61 

58-28 

•0013 

3-0 

2333 

19-03 

10-30 

52-66 

-000011 

4-0 

46-25 

15-90 

16-03 

78-18 

-00019 

a -0 

44-70 

16-54 

4-87 

66-11 

-138 

1-A 

47-69 

27-37 

9-26 

84-32 

•015 

2-A 

104-81 

60-91 

3-33 

159-05 

•725 

3-A 

62-87 

34-47 

5-47 

92-81 

•159 

4-A 

74-08 

15-01 

2-31 

91-40 

•736 

5-A 

67-11 

36-25 

10-91 

104-27 

•Q004G 

6-1 

21-38 

19-82 

8-96 

60-15 

•000023 

6-2 

31-24 

11-96 

6-32 

48-52 

•028 

7-2 

83-68 

7-98 

9-60 

101:26 

•064 


The deterioration is here represented by a linear function. It is 
probably more truly represented by an exponential curve, for one would 
expect the rate of deterioration to decrease as the reserve supplies of 
plant nutrieirts, stored in the soil, become exhausted and thereby reduce 
the power of the soil to support as heavy a crop as previously. The 
influence of slow changes other than deterioration, however, makes it 
difficult to distinguish more than the linear effect of the exhaustion 
of soil nutrients. 
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The annual variance accounts for a greater proportion of the total 

variance than either of the other two causes, while the slow changes 

other than deterioration are relatively unimportant. This is seen more 

, , . -n,. , 1 . , , . /lOO . actual varianceN 

clearly in h ig. 1 which shows the relative variance ^ (mea^^~ / 

of the 13 plots, the plots being placed in order of mean yield. 


CAUSES OF VARIATION IN BARLEY YIELDS Hoos Field, RothamsUd. 



Fig. 1. 


The farmyard manure plot (7~2) not only has the greatest mean yield, 
but the least relative variance. The plot receiving ‘‘complete artificials” 
is not much more variable than 7-2, the difference being accounted for 
by the greater susceptibility of the artificials to meteorological con- 
ditions, and by greater deterioration due possibly to the exhaustion 
of imknown but important chemicals not supplied with the artificial 
manure. 

The greater relative variance of those plots which receive no nitro- 
genous manure is very obvious. This is accounted for to a considerable 
extent by the increased effect of weather conditions, probably the washing 
out of the natural nitrogen supply during winter. With the “A” series 
the ammonium salts are not put on until the spring, when the plant is 
ready to make use of the nitrogen, and hence not as much is lost. Plot 7-2 
is least affected by the weather, showing that with farmyard manure the 
plot tends to suffer less than the others in a bad season but reaps less 
benefit from favourable meteorological conditions. 
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In the “A’* series, it is noticeable that the two plots which receive 
both superphosphate and sulphate of potash (plots 4~A and 6-A) are 
decidedly less variable than the other three plotfe which lack either one 
or both these manures. Such a clear division does not exist in the ‘'O’* 
series, however, though there is a tendency for the reverse relationship 
to hold. Plot 6-0 (superphosphate and sulphate of potash only) is the 
most variable of all plots, while 4-0 (complete mineral manure) is more 
variable than 2-0 (superphosphate only) and is nearly as variable as the 
other two plots in the series. 

The Hoos Field barley plots are, on the whole, much more variable 
than the Broadbalk wheat plots. This is illustrated in Fig. 2 where 
certain Hoos Field plots are compared with the Broadbalk plots which 
receive exactly the same manurial treatment. 


RELATIVE VARIANCE OF WHEAT AND BAR LEY. 
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Even the farmyard manure plot in the barley series is more variable 
than in the wheat series, being especially more subject to annual varia- 
tion. The greater variability of the barley plots is adequately shown in 
the unmanured and complete mineral plots. Plots 6 and 4-A (complete 
minerals and single ammonium salts) form the one exception, the barley 
plot 4-A being considerably less variable than the corresponding wheat 
plot. 

This greater variability of barley as compared with that of wheat is 
in strange contrast to the result of Mr R. H. Hooker’s investigation (2). 
He used the standard deviation as a measure of variance, and found that 
in eastern England, in Scotland and in France, barley is less variably 
than wheat. The different results may possibly be accounted for by the 
fact that Mr Hooker’s investigation was based upon only 21 years, 
while the present enquiry is based upon 70. It will be seen from Fig. 3 
that Mr Hooker finds both wheat and barley in eastern England to be 
far less variable than is the case with the Rothamsted plots. 

This may perhaps be accounted for by the fact that Mr Hooker used 
an average figure for eastern England, which would include yields from 
different types of soils. The annual variance of such an average might 
easily be less than that of a single field since there would probably be 
compensating increases and decreases over the area included. 

IV. ANNUAL DIMINUTION AND DETERIORATION. 

The average annual diminution in bushels per acre of each of the 
selected plots, together with the relative deterioration, are given in 
Table X. For purposes of comparison the relative deterioration of the 
corresponding Broadbalk plots is also given. 

Table X. 


Mean annual Relative 



Mean yield. 
Bushels 

diminution. 

Mean annual \ 

, P for 

Relative 

deterioration 


Bushels 

diminution 

deteriora- 

deteriora- 

Broadbalk 

Plot 

per acre 

per acre 

% 

tion 

tion 

plots 

1-0 

13-97 

-192 

1-37 

•000,000 

7-69 

QO 

2-0 

19-62 

-155 

0-79 

•000,044 

2-56 

— 

3-0 

16-00 

-216 

1-44 

-000,000 

8-45 

__ 

4-0 

19-86 

-197 

0-99 

•000,002 

4-04 

1-602 

5-0 

16-22 

-201 

1-24 

•000,001 

6-29 

— 

1-A 

24-90 

•269 

1-04 

•000.000 

4-41 



2-A 

37-11 

-363 

0-95 

•000,000 

3-70 



3— A 

27-13 

-291 

1-07 

•000,000 

4-68 



4^A 

40-75 

•192 

0-47 

•000,32 

0-90 

1-469 

5-A 

34-92 

•298 

0-85 

•000,000 

2-97 

■— 

6-1 

15-51 

•197 

1-27 

•000,000 

8-24 

2-358 

6-2 

16-46 

•171 

1-04 

•000,001 

4-42 



7-2 

46-17 

-140 

0-30 

•013,6 

0-37 

•031 
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In column 4 ‘‘P” stands for the probability that a larger annual 
diminution would occur by chance owing to the later seasons happening 
to be, on the average, less favourable than the earlier. This assumes 
that there has been no real deterioration in the average weather during 
the 70 years considered. An examination of the rainfall data at Rotham- 
sted shows that there has been no significant change in the total monthly 
rainfall of any month except December. Mr R. H. Hooker ( 2 ) has found 
that the rainfall in this month has practically no influence upon the 
barley crop, and therefore any increase in the average rainfall that may 
have taken place is not likely to vitiate the calculation of P. A more 
Retailed analysis of the Rothamsted rainfall data based upon a six-day 
period, shows that there has been no progressive change in the total 
amount of rain falling in any one year. The analysis does indicate, 
however, that there has been a tendency for the distribution throughout 
the year to change, the rain tending to fall more in summer and winter 
and less in spring and autumn than was formerly the case. Mr R. H. 
Hooker (2) has pointed out that the rainfall in Spring has more influence 
upon the barley crop than at any other time during the year. This 
indeed is in accordance with the well-known fact that barley needs to 
be sown in a fine tilth — a condition which is more likely to be obtained 
after a period of dry and frosty weather than after a rainy period, since 
the rain clogs the soil. The evidence seems to indicate, therefore, that 
if anything the weather conditions for the barley crop have tended to be 
more favourable, on the average, during the later seasons than the earlier. 
The calculation of P further assumes that the methods of cultivation 
have remained equally effective throughout the period. 

The deterioration is significant in all cases — even in the case of plot 
7-2, where one would only get so great deterioration by chance once in 
74 trials. This heavy deterioration on the farmyard manure plot is 
rather unexpected, for on the corresponding wheat plot the mean annual 
diminution was found to be insignificant. It is difficult to believe that 
so great a deterioration is due entirely to the exhaustion of soil nutrients. 
It may be that an essential chemical food present to some extent in the 
soil is altogether missing from even farmyard manure ; or else is present 
in such minute quantities as to be entirely inadequate for the needs of 
the heavy crop, which is annually removed from the plot, so that the 
marginal supply in the soil is becoming exhausted. Such an explanation 
is difficult to accept, however, since farmyard manure is so rich in organic 
matter. On the other hand it may be that the convention ascribing to 
deterioration the changes represented by the linear term of the fitting 
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polynomial is not as true in this case as in others. The linear term may 
partly represent slow changes due to causes other than deterioration. 

The much greater relative deterioration of the barley plots compared 
with the parallel wheat plots is striking. The one exception is the plot 
receiving complete minerals and a single dressing of ammonium salts as 
was pointed out in an earlier section. The same phenomenon is revealed 
if we compare the mean annual percentage diminution of the plots in 
the two fields. Since wheat requires more nitrogen for its growth than 
does barley, a truer comparison might be obtained by comparing plot 
4-A with plot 7 (double ammonium salts) instead of plot 6 (single 
ammonium salts). The main facts remain the same, however, except 
that the mean annual decrement per cent, of plot 7 is the same as for 
plot 4-A (viz. ‘46 and -47 respectively) while that for plot 6 is rather 
higher (viz. -62). 

Plot 2-A, superphosphate and ammonium salts, has the greatest 
annuiil diminution. During the past decade, the foliage in the centre of 
this plot has in various years turned yellow quite early in the season. 
Hitherto this has always been ascribed to potash starvation: it being 
thought that the heavy crop taken off the plot in the early years had 
exhausted the potash in the soil more rapidly than the smaller crops of 
plot 1-A. If the recent fall in the yield of plot 2 A is due to potash 
starvation one would expect to find indications of a similar effect in 
other plots starved for potash: for example to find 2-0 deteriorating 
more rapidly than 5-0. But this is not the case ; the plot with potash 
has a greater relative deterioration and a greater mean annual diminution 
than that without, although the latter has always had the heavier crop 
and therefore would be exhausting the potash supply more rapidly than 
the former. It is true, as pointed out earlier, that plots 5-0 and 5-A lie 
in a different part of the experimental land from the rest of their series, 
and are to some extent affected by the shade of the hedge and trees. But 
in section II it was shown that the evidence available does not support 
the view that these factors are responsible for the lower mean yield of 
the potash plots. 

Figure 3 shows that during the years in which the produce of plot M 
was recorded the plot with potash (5-0) tended to deteriorate at a greater 
rate than M which received sulphate of soda and sulphate of magnesia 
instead of sulphate of potash. It has been suggested that there may 
possibly be present in the soil an essential chemical which sulphate of 
potash makes more soluble and which is consequently washed out by 
rain more rapidly and lost to the plant. Hence it would seem desirable 
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that the cause of the recent fall in the mean yield of plot 2-A and the 
yellow colouring of the leaves should be thoroughly investigated before 
being definitely ascribed to potash starvation. 



In both the ‘"0” and the ‘‘A” series, plot 3 shows a rather greater 
annua] diminution and relative deterioration than plot 1. None of these 
plots receive superphosphate, and the heavier deterioration on plot 3 
is doubtless accounted for by more rapid exhaustion of the natural 
supplies of phosphoric acid, due to the greater yields which have been 
removed from these plots as compared with the less well manured plots 1. 

The greater deterioration of plot 4-0 compared with plot 2-0 may 
probably be explained in a similar way, for the yield from the former was 
higher than that from the latter in the earlier years, and hence may have 
suffered more acutely from the lack of nitrogen than the plot with the 
lower yield. 

The importance of a good supply of phosphoric acid is seen in the 
more rapid deterioration of those plots (3-0 and 3-A) which are starved 
in this particular source of nutriment compared with those plots (4-0 
and 4~A) which have a good supply renewed each year. This fact is 
greatly emphasised if we consider the mean annual percentage decre- 
ments, for, with the exception of 6-0 all plots receiving superphosphate 
have a smaller mean annual decrement per cent, than the remaining plots. 


Journ. of Agrio. Soi. xiv 


30 
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V. SLOW CHANGES IN MEAN YIELD OTHER THAN DETERIORATION. 

The course of the slow changes in mean yield is by ho means the same 
for all the plots examined. Groups of similar curves may be differentiated 
by an examination of the significance of the different terms of the fitting 
polynomial. 

Table XI. Coefficients of the Polynomials. 


Plot 

B 

0 

D 

E 

F 




•000 

•000 

•0000 

1-0 


0058 

-110 

006 

-005 

2-0 

-155 

‘0083 

-093 

-001 

-005 

3-0 

-‘216 

‘0084 

-Oil 

001 

-005 

4-0 

-‘197 

‘0105 

-080 

-002 

-005 

5-0 

-‘201 

‘0054 

-107 

-004 

-003 

1-A 

-‘259 

‘0052 

-007 

-00*2 

-012 

2-A 

-‘353 

•0016 

+ 256 

-014 

-000 

3-A 

-‘291 

•0028 

+ 037 

-006 

-010 

4-A 

-‘192 

•0007 

+ 004 

-013 

-001 

5-A 

-‘298 

‘0047 

+ 308 

-015 

-005 

6—1 

-197 

‘0073 

-092 

008 

-004 

6—2 

-171 

‘0052 

-113 

002 

-005 

7-2 

-*140 

- 0070 

+ 210 

-010 

+ 001 
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From the above table, and from Figs. 4 a, 46 and 4 c it will be seen 
that the curves fall into three main groups, viz. : 

(1) Those in which the B and C terms only are significant, viz., 
‘'O’' series, 6-1 and 6-2. 

(2) Those in which the fifth term is significant, viz., 1-A and 3-A. 

(3) Those in which the middle terms, D and E, are significant or 
probably so, viz., 2-A, 4-A, 5-A and 7-2. 

The only curve about which there is any doubt in the classification 
is that of plot 7-2. Since only the first and second terms are decidedly 
significant, the curve undoubtedly belongs to the first class. The obvious 
difference between this curve and those belonging to the first group, as 
shown by Figs. 4 a, 46 and 4 c is due to the fact that though the parabolic 
term is significant in all cases, in plot 7-2 the term is negative, but in the 
other cases is positive. A comparison of the actual coefficients of the 
7-2 polynomial with those of the other curves, indicates that possibly 
D and E are significant though the value of P for these terms would not 
in itself justify such a conclusion. Taking this into consideration, as 
well as the actual form of the curve, it has been decided to classify 7-2 
under group 3. 

After classifying the curves on the above principle, it was at once 
seen that the same groups are obtained by classifying the plots according 
to the manurial treatment as under : 

(1) No nitrogenous manure, “O” series, 6-1 and 6-2. 

(2) Nitrogenous manure but no phosphoric acid, 1-A and 3-A. 

(3) Nitrogenous manure and phosphoric acid 2-A, 4-A, 5-A and 7-2. 

This classification justifies the inclusion of 7-2 in group 3. 

The relative unimportance of the slow changes may be seen from 
Fig. 1, and also from the combined significance of the third, fourth and 
fifth terms of the polynomial, as shown below : 

Table XII. 



Variance due to 

Pfor 

Plot 

D, E and F terms only 

D, E and F terms 

1-0 

1-90 

•094 

2-0 

1-33 

•527 

3-0 

0-83 

•632 

4-0 

1-20 

•792 

5-0 

0-97 

•712 

1-A 

6-62 

•068 

2-A 

302 

•599 

3-A 

4*46 

•170 

4-A 

2-25 

•686 

5-A 

7-99 

•030 

6-1 

1*77 

•170 

6-2 

1-66 

•341 

7-2 

311 

•609 
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The great significance of the parabolic term may be judged from a 
comparison of the values of P for the three terms given above, and those 
given in Table IX. Unfortunately it is impossible to say how far the 
significance of this term is due to deterioration and how far to slow 
changes. From knowledge of the plots, and from inspection of the curves, 
one is led to think that in most cases the slow changes are less responsible 
for the significance of the parabolic term than is deterioration. This is 
confirmed by the relation of the slow changes to manurial treatment, 
especially in group 1, where the polynomial curves are seen to be fairly 
free from slow changes liuring the first 40 years and to represent the 
expected course of deterioration of plots starved for nitrogen. 

The unimportance of the slow changes other than deterioration is 
in striking contrast to the Broadbalk results, where such changes were 
found to be very significant, and to follow the same course over the 
whole field. Moreover, in the case of the wheat plots, the slow changes 
tended to exaggerate the deterioration of those plots with the least 
diminution, but with the barley plots, the slow changes tend to obscure 
the full effect of the exhaustion of soil nutrients. 

The nitrogen starved plots of group 1 show a fairly rapid deteriora- 
tion during the first four decades, though less rapid at the end of the 
period than at the beginning. All plots within the group show an improve- 
ment in mean yield during a period from about 1895 to 1912. 

Plots 1-A and 3-A, which form the second group, show a very rapid 
fall during the early years followed by a constant yield throughout the 
’sixties. The next quarter of a century the mean yield of both plots was 
deteriorating at a fairly uniform rate, but during the later ’nineties a 
rise similar to that found in group 1 took place. 

The chief characteristics of the third group of plots, and that which 
distinguishes the four curves comprising it from the other groups, is the 
increase in mean yield during the first years of the experiment. The 
increase is not uniform within the group, being decidedly more marked 
in the case of plots 2-A and 7-2. Moreover, the period of increase is 
longer in the case of the dunged plot, which does not reach its maximum 
until 1868, whereas the other three plots in the group begin to deteriorate 
between 1860 and 1863. The marked rise in the last years of last century, 
shown so strongly by groups 1 and 2 is only shown by one plot in group 3, 
viz. plot 5-A. Plot 7-2 shows no sign of even arrested deterioration, 
but the other two plots in the group— 2-A and 4-A— show a constant 
mean yield during approximately the same period, 1895-1912. 

These differences in the course of the slow changes on the various 
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plots is evidence that certain causes affecting the mean yield are even 
more local in their action than those of Broadbalk, being in some cases 
restricted to individual plots. It may be that the cause of the slow changes 
was different in different parts of the field ; or it may be that in the case 
of some plots other influences were at work which tended to counteract 
the effect of the cause which in the case of other plots led to an increase 
in mean yield. 

The records concerning the conditions of the plots and crops are 
exceedingly scarce during the early years, especially during the ’sixties. 
No information is available for these years until Mr Keenan’s detailed 
notes of 1867, and similar records for 1868 and 1869. From this scanty 
data it is impossible to suggest any probable reason for the unexpected 
arrest of deterioration in plots 1-A and 3-A during the decade 1860-70. 

On the Broadbalk wheat plots the course of the slow changes were 
general over the whole field, and the chief cause of the changes was 
found to be the prevalence or otherwise of weeds. With the barley plots, 
however, weeds do not seem to be the cause of the slow changes. The 
barley is not sown until March, or even April, so that each year the field 
has a winter fallow. The land is ploughed after harvest and again the 
following spring before the seed is sown, and hence the plots are not 
nearly so infested with weeds as are the Broadbalk plots. 

From the yearly records of the condition of the plots, the land seems 
to have been fairly clean during the ’seventies, but during the ’eighties 
and early ’nineties the foulness of the various plots is constantly com- 
mented upon. Damage by wireworm and gout fly is also noted during the 
early ’nineties. 

No records were made of the conditions of the plots in the later 
’nineties from which we must assume that there was nothing worthy of 
note during the time. In 1900, however, we find ‘‘Notes upon the pre- 
valence of the leguminous plant of Medicago Lupulina^' which had spread 
rapidly over some of the plots, more particularly those starved for 
nitrogen. Apart from this detailed record, notes were made upon the 
general conditions of the plots, and the majority of them are spoken of 
as being “very weedy,” or “foul with weeds.” Six years later a special 
effort was made to remove the “couch grass and corn sow-thistle with 
which the land had become covered.” The weeds continued to increase, 
however, and in 1912 the field was fallowed. It was during this period 
from 1895-1912, when the condition of the land seems to have been 
rather unsatisfactory that the improvement in the mean yield of most 
of the plots occurred. Had the rise been restricted to the plots starved 
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for nitrogen one would have been inclined to ascribe the increase in 
yield to an improvement of the nitrogen supply due to the action of the 
nitrogen-forming micro-organisms associated with the roots of legu- 
minous plants. Such an explanation is impossible, however, in the face 
of a similar rise on plots 1-A, 3-A and 5-A, all of which are supplied 
with nitrogen in the form of ammonium salts, and on which no plant 
of Medicago Lupulina was found. 

Earlier in this section attention was directed to the fact that plots 
2-" A, 4- A and 7—2 alone show no sign of a rise in mean yield: the two 
former showing a constant yield, and the latter continued deterioration. 
It is these same three plots which at one time or another are specially 
mentioned as suffering from wireworm attack during the period 1895- 
1912. Throughout these same years, whenever records were made, 
plot 7-2 was mentioned as being weedy’’ or as having ‘^much weedy 
rubbish growing through the laid com.” It may be therefore that there 
was a general influence operating over the whole field which tended to 
increase the mean yield during these years, but which was counteracted 
in the case of these three plots by the growth of weeds and wireworm 
attack. 

SUMMARY. 

1. Of the three sources of supply of nitrogen, rape cake gave the 
highest mean yields in the absence of superphosphate; while nitrate of 
soda gave results significantly better than those obtained from ammonium 
salts. 

2. Superphosphate is of importance to the barley crop, giving greatly 
increased yield when applied. 

3. Sulphate of potash seems to have an adverse influence upon the 
barley yield. 

4. The deterioration of the barley plots is much heavier than on the 
wheat plots. The convention of ascribing the whole linear term to 
deterioration may not be as true for some plots as for others. Part of 
the diminution in mean yield may be due to slow changes other than 
deterioration. 

5. The mean annual percentage diminution is least on those plots 
in receipt of superphosphate and emphasises the importance of phos- 
phoric acid not only in increasing the mean yield, but in maintaining 
the fertility of the soil. 

6. Barley is more variable than wheat and is more subject to the 
influence of meteorological conditions. 
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7. The slow changes other than deterioration are relatively un- 
important and seem closely connected with the manurial treatment. 
The cause of the slow changes is obscure, but there were probably special 
influences operating on certain of the plots. 
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MAIZE SILAGE. I. 


By HERBERT ERNEST WOODMAN, Ph.D., D.Sc. 

AND ARTHUR AMOS, M.A. 

School of Agriculture^ Cambridge University. 

Maize is pre-eminently the best crop for silage in those parts of the world 
which favour its growth. Not only does it produce a very heavy crop of 
succulent and digestible forage, but by reason of its stout, erect growth, 
it can be cut and loaded very readily as well as rapidly fed and chaffed 
in the cutter. These factors render it cheap to grow and economical to 
handle per food unit. 

In this country, however, attempts to produce silage from maize are 
by no means always successful. Frequently the resulting silage is ex- 
cessively sour and unpalatable. The early investigations carried out in 
this connection by Annett and Russell (i) were by no means encouraging, 
since the average loss of dry matter in their experiments occasioned by 
fermentation and juice drainage amounted to as much as 36 per cent, 
of the original dry weight of crop ensiled. 

On the other hand, there are on record instances of farmers in the 
southern counties who have been successful in producing good maize 
silage from crops which have attained a fair degree of maturity {e.g. cob 
formation) on the earlier soils of these warmer regions. Again, in many 
parts of Canada, where the growing period is comparatively short and 
the summer temperature not much higher than in this country, maize 
silage is successfully produced in large quantity. 

The reason why the production of maize silage has not been generally 
successful in England would seem to be that the summer chmate does 
not allow either a long enough growing period, or a sufficiently hot one, 
to bring the crop to the desirable state of maturity. It is now well 
recognised that if an ensiled crop be too immature and succulent, con- 
ditions arise in the silo which favour not only the production of an un- 
pleasant and sour silage, but also the occurrence of large losses of dry 
matter as a consequence of excessive drainage of juice. If, with a view 
to lengthening the season of growth, the maize crop is drilled too early, 
the young plant is subject to the risk of destruction by night frosts. Even 
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though this danger be averted, the prevalence of low temperature causes 
growth to be very slow and, as a consequence, weeds become very trouble- 
some. Moreover, early frosts in autumn frequently cut down the fohage 
before sufficient maturity is attained for the production of good silage. 

Another and perhaps more important cause of failure is that the 
variety of maize grown in England (American Horse Tooth) though a 
bulky coarse growing variety, is one of the slowest to mature. It may 
possibly be a suitable variety for green soiling, though this is open to 
question, but there can be little doubt that it is a most unsuitable variety 
for silage in this country. Investigations are now in progress at Cambridge 
for testing the suitability of a number of varieties grown for silage in 
Canada and elsewhere, and these, though not complete at the time of 
writing, indicate the advantages attaching to certain varieties, e.g. 
Saltzer’s North Dakota, Longfellow, Compton’s Early and White Cap. 
All of these mature at least a month before American Horse Tooth and 
possess distinct possibihties in regard to yield of crop. If it is found that 
one of these definitely possesses all the necessary characteristics for 
producing a commercial crop in this country, then the possibility of 
extending the production of maize silage will be materially increased. 

As a preliminary step in a series of trials designed to investigate the 
possibilities of maize as a silage crop in this country, it was decided to 
re-determine, on the lines of Annett and Russell’s earlier work, the loss 
of dry matter sustained by green maize when converted into silage. It 
is obvious that if the loss is very much higher than that experienced 
during the ensilage of other crops such as oats and tares, as the results 
obtained by Annett and Russell would lead one to anticipate, then this 
would offer an appreciable discouragement to any efforts which might 
be made with a view to establishing maize as an ensilage crop in this 
country. On the other hand, reference to results obtained in the United 
States in this connection reveals figures which are more encouraging. At 
the Wisconsin Station, King (2) found that the losses of dry matter were 
reduced to a minimum by use of maize of proper maturity and by close 
packing into a silo having air-tight walls. He reported that in one typical 
silo where the dry matter losses were measured in eight layers of silage 
the average loss was 8 per cent. The loss in the surface layer was highest, 
32*5 per cent., whereas that of the middle layer was least, namely 2*1 per 
cent. These losses were of about the same order as those observed in 
other cases where the silage was properly handled. 

In order to institute a fair comparison between the present trial and 
previous work on the oat and tare (3), oat, tare and bean (4), and sun- 
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flower (5) crops, it was decided to make the maize silage in the wooden 
experimental silos (4 feet diameter and 6 feet in height) which had been 
employed in these earlier investigations. The filling of the silo took place 
on Oct. 31, 1922. The variety of maize grown for the experiment was 
American Horse Tooth. The variety was of necessity cut in an immature 
condition, very few stems even showing male inflorescences. It had been 
considerably damaged by frost in the preceding week and contained 
much withered leaf as a consequence. The conditions therefore of the 
trial were not too favourable to the production of a good quality of 
silage with minimal dry matter losses. 

The crop was cut and carted to the silo on the day previous to filling. 
At the time of cutting, the material was free from rain and dew. It was 
allowed to remain in a heap overnight, but during this time developed 
no appreciable heat. The fodder was very wet to handle after chaffing 
and a moisture determination carried out on the analytical sample 
showed it to contain 16*52 per cent, of dry matter. The weight per acre 
of green crop was 14*6 tons (2*41 tons dry matter). 

Two sample bags, each containing more than 40 lb. of the wet crop, 
were placed symmetrically in the silo, the one occupying the lower half 
and the other the upper half of tl^e silo. The bags were surrounded on 
every hand by the compactly pressed fodder, and after the filling was 
completed in the manner described in a previous communication (4), the 
top of the silo was sealed with a 6-inch layer of soil. 

The silo was opened on Feb, 1, 1923. The character of the silage in 
the upper bag was much better than had been anticipated, and it was 
quite free from all the unpleasant characteristics associated with the 
samples of sour silage usually obtained when immature green maize is 
ensiled. It was of a pale brownish green colour and combined a slightly 
acidic smell with a fresh odour suggestive of green maize itself. No smell 
of butyric acid could be detected. The character of the material was 
neither that of ‘‘sour” nor “sweet” silage. It contained 16*77 per cent, 
of dry matter. The silage from the lower bag resembled that of the first 
bag in every respect and was found to contain 16*65 per cent, of dry 
matter. 

The analysis of the silage extracts and the silage dry matter was 
carried out by the methods described in detail in previous communi- 
cations (3, 4). The dry matter sample was obtained by drying down a 
large weight of silage (about 1500 gm.) and finely grinding up the residue. 
The sample of green maize was obtained for analysis in a similar manner. 
The following tables summarise the results which were obtained. 
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Table I. Analysis of silage extracts (calculated on basis of 100 gm. 

dry matter). 

Bag 1 Bag 2 

(lower half of silo) (upper half of silo) 


Volatile organic acids* 

1*38 

1*33 

Non-volatile organic acidsf 

3*19 

2*86 

Amino acidsj; 

3*23 

2*94 

Volatile basest 

0*63 

0*63 


* Calculated as acetic acid (control figure on green crop was negligible), 
t Calculated as lactic acid, after allowing for control figure on green crop. The non* 
volatile acidity for the green crop was appreciable, amounting to 8*2 c.c. normal acid per 
100 gm. of moist green maize. Annett and Bussell (i) noted that the juice from the maize 
fodder was usually slightly acid to litmus and showed that gallic acid was present, whereas 
lactic, malic, succinic and volatile organic acids were absent. 

1 Calculated as crude protein. The volatile base content of the green maize was negligibly 
small. The content of amino acids worked out at 1-06 per cent, (calculated as crude protein 
per 100 gm. of green maize dry matter). 


Table II. Analysis of green maize and silage samples 
(calculated to dry matter basis). 


Green maize Bag 1 (silage) Bag 2 (silage) 
0 / 0 / 0 / 

/o /o /o 


Crude protein 

10*50 

10*22 

9*78 

Ether extract* 

2*06 

3*93 

3*57 

N-free extractives 

51*17 

45*43 

47*16 

Crude fibre 

25*77 

30*15 

29*23 

Ash 

10*50 

10*27 

10*26 

True protein 

7*53 

6*42 

6*28 

“Amides” ’.. 

2*97 

3*80 

3*50 

Pepsin-HCl soluble protein ... 

8*11 

7*63 

6*93 

Protein digestion coefficient {in vitro) 

77*2 

73*7 

70*9 

* Not taking into account 

volatile organic acids of silage. 



Table III. Percentage gains or losses of constituents in Bag 1 
(lower half of silo) and Bag 2 (upper half of silo). 


Moist material 

Dry matter* 

Organic matter* ... 

Crude protein 

Ether extract* 

N-free extractives 
Crude fibre 

Ash 

True protein 

“Amides” 

Pepsin*HCl soluble protein 



Bag 1 

A 


f 

Green 

crop 

Silage 

/o 

increase 

oz. 

oz. 

or loss 

715*00 

602*00 

- 15*8 

118*10 

100*23 

- 16*1 

105*70 

90*08 

- 14*8 

12*40 

10*10 

- 18*6 

2*43 

5*27 

-f 117*0 

60*43 

44*91 

- 25*7 

30*44 

29*80 

- 2*1 

12*40 

10*16 

- 18*1 

8*89 

6*35 

- 28*6 


Bag 2 

r 

Green 


> 

/o 

crop 

Silage 

increase 

oz. 

oz. 

or loss 

673*00 

686*00 

- 12*9 

111*20 

98*27 

- 11*6 

99*52 

88*32 

- 11*3 

11*68 

9*48 

- 18*8 

2*29 

4*76 

+ 107*0 

66*90 

45*74 

- 20*0 

28*66 

28*35 

~ 1*0 

11*68 

9*95 

- 14*9 

8*37 

6*09 

- 27*2 


3-61 3-75 + 6-8 

9*68 7-44 - 22-3 


3-31 3-39 + 2-4 

9 02 6-72 - 26-5 


♦ Allowance made for volatile organic acids of silage as acetic acid. Amount of silage 
dry matter calculated as residue after drying at 100® C. : 98*85 oz. (Bag 1) and 96*98 oz. 
(Bag 2). 



465 


H, E. Woodman and A. Amos 

Comments on Analytical Results. 

(1) Juice drainage and dry matter losses. The amount of juice which 
drained away from the bags during storage in the silo amounted to 
95-1 oz. (Bag 1) and 74*0 oz. (Bag 2). This represented respectively 
roughly 16 per cent, and 13 per cent, of the juice of the green maize 
samples originally weighed into the bags. These unequal losses of juice 
explain the relatively high loss of dry matter from Bag 1 (15*1 per cent.) 
as compared with that from Bag 2 (11*6 per cent.), since the greater 
drainage entails higher losses of soluble constituents. 

The use of small experimental silos is open to the criticism that the 
losses of dry matter measured in this way do not reflect accurately the 
losses which would occur if the same crop were ensiled in a commercial 
silo. Previous experience, however, has shown that such figures do 
indicate the order of the average losses sustained by the different layers 
of material throughout the big silo. In any case, the main advantage 
attaching to the use of the small silos is the feasibihty of obtaining with- 
out difficulty comparative figures for the losses suffered by different 
crops during ensilage. It is therefore of interest to compare the losses 
which have been measured for the maize crop in the small silo with the 


results obtained for other crops in silos of similar dimensions. 
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/o 
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/o 

Top bag 

13-4 

8-6 

91 

— 

— 

11-6 

Bottom bag 

13-2 

90 

8-2 

6-8 

4*8 

151 


A survey of the above figures reveals the fact that the loss of dry 
matter associated with the production of maize silage is not appreciably 
different from that occurring during the making of ‘‘green fruity’’ oat 
and tare silage. In both cases, the large amount of drainage consequent 
on immaturity of the ensiled crop contributes materially to the dry matter 
losses. It is probable therefore that if a variety of maize can be found 
which is capable of being brought to the desirable stage of maturity 
before cutting for the silo, then the ensilage process should proceed with 
no bigger losses than those which characterise the production of “acid 
brown” oat and tare silage. Or, alternatively, if the drainage of juice can 
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be prevented altogether, then the losses of dry matter would be relatively 
small. In this connection, attention should be directed to the statement 
of Hall (0) to the effect that if a crop be ensiled in a concrete silo not pro- 
vided with a drain, the expressed juice which otherwise would run off 
and be wasted is ultimately re-absorbed by the mass of silage. This 
points the way to the production of any type of silage with minimum 
losses, although it is not by any means certain that the retention of the 
juice in this manner would affect the palatability of the silage beneficially. 
Another proposal by the writers for preventing juice drainage consists 
of chaffing straw along with the green crop for filling into the silo, pre- 
liminary trials having shown that straw “admixes” satisfactorily with 
oats and tares in the silo. These and other questions concerning juice 
drainage are receiving attention at the present time. 

The main conclusion arrived at as a result of the present experiments 
is that the production of maize silage is not necessarily accompanied by 
heavier losses than those occurring during the ensilage of oats and tares. 
It is largely a question of finding a variety of maize which will mature 
suitably under English cHmatic conditions. 

(2) Changes affecting individual constituents. Reference to Table III 
shows that the material in both bags suffered considerable losses of crude 
protein, amounting in each case to about 19 per cent, of that originally 
present. The loss is not to be attributed directly to fermentation but to 
drainage, the juice carrying away in solution a large proportion of the 
soluble “amide” constituents of the silage. It is of interest to contrast 
the nature of the “amide” fraction of the green maize with that of the 
resulting silage. 

Green maize Bag 1 (silage) Bag 2 (silage) 



/(> 

/o 

o/ 

/o 

Total “amides” 

(crude protein — true protein) 2*97 

3-80 

3*50 

Amino-acids* 

106 

3-23 

2-94 

Volatile bases* 

Negligible 0*63 

* From results of titration of extracts (see Table III). 

0-63 


The alteration of the chemical character of the “amide” fraction 
during ensilage is apparent from the above figures. In the green maize, 
roughly one-third of the “amides” were present as amino acids, whereas 
the amount of volatile bases was negligibly small. The “amides” of 
the silage are made up exclusively of amino acids and volatile bases 
(i.e. ammonium salts probably arising from hydrolysis of true amides). 
The big increase in the amount of amino acids arises from the hydrolysis 
of true protein. Table III shows that about 28 per cent, of the true protein 
underwent hydrolytic cleavage in the ensilage process, and the fact that 
the corresponding gain of “amides” amounted only to 6*8 per cent, in 
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Bag 1 and 2-4 per cent, in Bag 2 points clearly to a very substantial loss 
of the soluble amino acids in the drainage juice. It is to this circumstance 
also that the depression of protein digestibility (77 per cent, to 74 per 
cent, in Bag 1 and 71 per cent. in Bag 2) is to be attributed, since excessive 
drainage involves the loss of much pre-digested nitrogenous material. 

The loss of carbohydrate as a result of fermentation amounted to 
25-7 per cent. (Bag 1) and 20*0 per cent. (Bag 2) of the original amounts 
present in the bags. This result is very similar to those obtained in the 
production of ‘‘green fruity’’ oat and tare silage. 

Loss of carbohydrates 

0 / 

/'O 

“Green fruity” oat and tare silage (a) 19*5 (6) 19*7 

“Green fruity” oat, tare and bean silage (a) 20*1 (6) 24*9 

The smaller losses of carbohydrates occurring during the making of 
“acid brown” silage from fairly mature oats and tares encourage the 
belief that the amount of carbohydrate undergoing breakdown might 
be reduced considerably if the maize were ensiled at a more mature stage. 

In both bags, the fermentation of carbohydrate resulted in the ether 
extract being more than doubled in amount, owing to the formation of 
organic acids. As with all other samples of good silage so far investi- 
gated, the non-volatile lactic acid was present in excess of the volatile 
organic acids (see Table I). 

The figures given in Table III do not show that the amount of crude 
fibre underwent any appreciable diminution during ensilage. It follows 
that the type of bacterial activity which results in the breakdown of the 
cellulose constituent was not much in evidence, although it has been 
shown in earlier work with oats and tares that the amount of fibre may 
be appreciably diminished by such action (3). Annett and Russell (i) con- 
cluded that the less resistant cellulose appeared to be attacked by bacteria 
during the conversion of maize into silage, a result which was further 
confirmed by microscopic examination. 

The appreciable loss of inorganic constituents (see Table III) during 
ensilage of the maize again directs attention to the drainage problem. 
That such losses of salts may be very significant from the nutritional 
point of view is shown by the recently published work of Godden(7) on 
the drainage from tower silos. If the valuable inorganic salts of the green 
crop are to be conserved, then drainage must be reduced to a minimum 
by one or the other of the methods previously discussed. 
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Summary. 

It has been shown that maize silage of good quality can be produced 
with losses of dry matter which are not necessarily much greater than 
those which characterise the production of oat and tare silage. 

Excessive drainage of juice consequent on immaturity of crop con- 
tributes materially to the total loss of dry matter. 

The main reason for the comparative failure of attempts in this 
country to produce maize silage successfully from the points of view of 
quality and economy lies probably in the general use of the late maturing 
variety, American Horse Tooth. Success will probably depend on growing 
a variety of maize which is able to reach a desirable stage of maturity 
under English conditions before being cut for the silo. Preliminary 
trials have indicated that the necessary qualities may be found in certain 
varieties like Saltzer’s North Dakota, Longfellow, Compton’s Early and 
White Cap, all of which mature at least a month before American Horse 
Tooth. 
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A NOTE ON THE COLORIMETRIC ESTIMATION 
OF HUMIC MATTER IN MINERAL SOILS*. 


By T. EDEN. 

Rothamsted Experimental Station, 

(With One Text-figure.) 

Oden^ has shown that colour intensitjf comparisons between alkali 
extracts of peat soils of varying origin can be made since, despite the 
possible difference in the nature of their humic matter, the absorption 
spectra are almost identical within the visible range. These absorption 
spectra are also comparable with that of Merck’s Acidum Hurainicum, 
which is a standard preparation. Oden developed his colorimetric method 
as a means of measuring the degree of humification of the organic matter 
of peat soils, that is to say, the proportion of the total organic matter 
which could be classed as humic matter. In this way the disadvantages 
of Grandeau’s method, in which there is no discrimination between the 
coloured and the colourless parts of the soil organic matter, are obviated. 

Oden’s method depends upon digesting the soil at a high temperature 
with a strong solution of caustic soda. The actual colour intensity of the 
solution obtained is due, in part, to the readily soluble humus, and in 
part to an undetermined but in all probability large and fairly constant 
proportion of humin; the colour intensity of this solution may thus be 
taken as a fair measure of the amount of humic matter in the soil. The 
colorimetric method here described is an adaptation to mineral soils of 
the principle used by Oden. Following a series of experiments designed 
to determine the quantity of soil, concentration of reagent, and time of 
reaction which would give suitable extracts for colour comparisons, the 
following procedure was chosen as giving the closest duplicates when 
carried out on separate portions of the same soil. 

Five grams of soil in a Gooch crucible were treated with 50 c.c. of 
10 per cent, hydrochloric acid and then well washed. The filtrate was 
slightly coloured by the water-soluble material (fulvic acid of Oden), 
but this loss was not sufficient to affect the comparisons made later. 

* The term humic matter is used here as referring to the characteristic coloured organic 
matter of the soil which is made up of “humus’' and “humin” (see Beckley, V. A., this 
Journal, 1921, 11, 66). 

^ IrU. Mitt. Bodenkunde, 1920, 9, 391. 
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The soil was then transferred through a wide necked funnel to a 100 c.c. 
conical Jena flask previously calibrated with a mark giving the volume 
of the soil plus 100 c.c. About 60 c.c. of water were used for this operation ; 
20 c.c. of 60 per cent, caustic soda were then added by inserting the end 
of the pipette a little way below the surface of the water. By so doing 
a good meniscus was obtained free from bubbles. The flask was then 
filled to the mark with water, a few drops of alcohol being used to clear 
the meniscus if necessary. The flask was then immersed up to the neck 
in a water bath at 100° C. for 15 minutes, during which time the contents 
were constantly stirred. A portion of the hot solution was then filtered 
through a hardened filter paper (No. 50 Whatman) on a Buchner funnel. 
It is unnecessary and inadvisable to collect more than 20 c.c. of the 
extract as the pores of the filter paper rapidly become choked and the 
hot caustic soda loosens the fibres, thus rendering comparisons of the 
extracts difiicult. Ten cubic centimetres of the cooled extract were 
diluted to 200 c.c. and used in the colorimeter. A soil of high humic 
content after this treatment shows the familiar light grey-brown colour 
of other soils poor in humic matter subjected to the same process, an 
observation which supports the view that most of the ‘‘ humin is changed 
into a soluble form. 

The standard solution of Acidum Huminicum (Merck) was prepared 
from a sample which had been desiccated for 6 weeks and had ceased to 
lose weight. 0*3384 gram of this material was dissolved in a slight 
excess of caustic soda and made up to 100 c.c. This solution was thus 
N/lOO according to Oden’s determination of the equivalent of Acidum 
Huminicum. After intermittent shaking over a period of 48 hours no 
solid matter remained except a trace of a white sediment. The colour 
standard was a portion of this stock solution freshly diluted to a tenth of 
the original concentration. 

Experience with many soil extracts showed that in strongly alkaline 
solution the colour intensity diminishes in the course of a few days 
through oxidation. All estimations were therefore made on the freshly 
prepared soil extract. This loss of colour was not noticed in the case of 
the less alkaline standard solution. In the colorimetric measurements 
the depth of the soil extract column was kept constant and thus the 
intensity of the colour of this extract was always expressed in terms of 
the standard. Where there was more than 25 per cent, difference between 
the two solutions compared, a further dilution either of the soil extract 
or the standard solution was made in order to make the comparisons 
more accurate. Each measurement was the average of ten readings. The 
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following data representing the comparison of a 50 mm. column of a soil 
extract with a similar one derived from another portion of the same soil, 
show the magnitude of the error encountered: 

60-8, 50-8, 60*4, 50-3, 49*7, 50*3, 50-1, 50-0, 49-5, 49-4. Average 50-13. 

The value of the method for comparative purposes was tested. The 
chief source of error lies in the choice of an arbitrary time of digestion. 
Two possibilities liable to vitiate results are : 

(1) That in a given time for two different soils the colour intensity 
might have reached the constant phase for one of them but not for the 
other; in this case comparison would be inadmissible. 

(2) That in a given time coloured inorganic substances {e.g. ferrates) 
might be brought into solution by the continued action of concentrated 
caustic soda solution at 100° C. Of the soils under consideration, the 
richest in humic matter was accordingly chosen and a time-colour 
intensity diagram constructed. The following data expressed in tenth 
percentages of the standard show the progress of extraction. 

Time in minutes 0 5 10 15 20 

Intensity — 1805 23-53 23-80 23-82 



Fig. 1. Time-colour intensity curve for alkali extracts of humic matter. 


At the end of 30 minutes’ digestion the tones of the colours were no 
longer comparable. In the diagram a smooth curve has been drawn 
through these points. Since an extraction of 15 minutes seemed sufficient 
to allow the colour of the extract from a rich humic soil to attain con- 
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stancy and since no new point of inflexion appears on the curve, this 
time period was adopted. It is possible that with other soils slight 
modifications would have to be made in the quantities and concentrations 
of the reagents used, but the close approximation of duplicates, the 
regularity of the colour intensity curve, and the comparability of the 
tints themselves, indicate that in principle the method can be success- 
fully apphed to the estimation of humic matter in mineral soils. 

From data of this type it is possible to calculate the amount of 
Acidum Huminicum which is colorimetricaUy equivalent to that ex- 
tracted from the original weight of soil. This amount expressed as a 
percentage of the weight of organic matter in the same quantity of soil 
represents the degree of humification of the organic matter, that is, the 
Humification Number used by Oden. 


(Received I2th February, 1924.) 
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A PHYSICAL THEORY OF SOIL 
MOISTURE RELATIONS. 

By B. H. WILSDON, M.A., B.So. (Oxon.), I.E.S. 

Punjab Irrigation Departmenty Lahore, India. 

(With Three Text-figures.) 

(1) Introductory. 

The following is a resume of a physical theory of soil moisture relations 
developed by the author in 1920 (i). On account of serious typographical 
and other errors in the original the essential argument is reproduced 
here together with some observations arising from subsequent work by 
other authorities. 

A physical theory cannot hope to predict the behaviour of such a 
complicated medium as is, indisputably, the soil. At most it may be 
expected to determine the conditions under which empirical measure- 
ments will yield significant and comparable information. A model soil 
should not be expected to perform more than model mechanisms repre- 
senting far cleaner” and simpler processes, such, for instance, as take 
place within the atom. The treatment will be justified so long as the 
differential equations it enables us to construct throw light on the rela- 
tionships which must exist between observable quantities, and thereby 
to realise to what extent the properties of moisture in soils are determined 
by specific characteristics of their constituents. 

The model adopted pictures the soil as composed of discrete particles, 
each of which may be regarded as covered with a layer of colloidal 
material. Statistically, it is assumed that certain of the properties of 
such an aggregate can be represented by an assemblage of uniform spheres, 
packed in a regular manner; this does not imply that all the properties 
must be representable in the same manner. The validity of the assumption 
rests primarily on Green and Ampt’s (2) experimental extension of the work 
of Slichter and King (3). The mathematical basis of these investigations, 
it should be remembered, can only be tested practically by statistical 
methods involving volume relations such as the average area and length 
of a capillary pore, and the average diameter of the particles. In particular 
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no evidence is afforded of the average number of contacts between 
particles in a soil composed of grains of irregular sizes and shapes, a 
point which will be referred to later. 

Experiment shows that there are two points at which a soil may be 
in equilibrium with an atmosphere saturated with water vapour in the 
earth’s gravitational field. The first is at a moisture concentration 
determining the so-called Hygroscopic Coefficient; the second that 
attained by a saturated soil which is allowed to drain (the Moisture 
Holding Capacity). It might be assumed at first sight that since the 
soil under both these conditions is in equilibrium with the vapour phase, 
the same final equilibrium would be attained. This, in fact, has been 
assumed by Alway(4) who states: ‘‘Theoretically, actual equilibrium 
would not be obtained until the moisture content of the soil equalled 
that of the same soil in actual contact with water, but the time required 
for this is so great that this theoretical consideration does not affect the 
present discussion.” The very large discrepancy between the points 
reached by approaching equilibrium from opposite directions, the air-dry 
and saturated states respectively, is thus attributed to a time factor. If, 
however, we assume that the two states differ from one another on account 
of the appearance of a new phase or phases, the existence of two real 
equilibrium points would become explicable. In the theory developed 
by the author it is suggested that the soil under the conditions defining 
the moisture holding capacity differs from those at the hygroscopic 
coefficient by the occurrence of two extra liquid phases, one the “free” 
water, and the other “vesicular” water contained in the colloid pores. 
The moisture content of the colloid net work will be the same under 
both conditions, and may be called the “gel” water; the additional water 
taken up by a saturated soil is to be referred entirely to the free and 
vesicular water. The latter is to be regarded as enclosed by the colloid 
and may differ in osmotic pressure from the free soil solution, equilibrium 
being maintained by the mechanical pressure of the semi-permeable 
colloidal reticulum. 

(2) Thermodynamic Equilibrium in the Ideal Soil. 

List of symbols used in mMheniatical parts of this paper. 

a = average radius of soil particles. 

At Bt Ct etc. = universal constants. 

A\ B't etc. = specific constants. 

c= number of contacts per particle, 
number of particles per 100 gms. soil, 
moisture concentration per 100 gms. soil. 
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E = moisture oonoentration per 100 gms. soil at moisture equivalent. 


,, 



„ hygroscopic coefficient. 

„ 

» 

»» 

„ moisture capacity. 

S= „ 

tt 

„ 

„ wilting point. 


tf 

» 

„ maximum plasticity. 

P= pressure (in general). 



0= » 

hydrostatic. 



P = 

vapour. 




osmotic. 




swelling, of a 

colloid gel. 



^ = colloid concentration per 100 gms. soil. 

„ „ per unit vol. colloid gel. 

77= density of gas. 
e = „ colloid gel. 

/D = „ soil particles. 

Tr= specific volume of water. 

Z7 = „ „ „ in a solution. 

X = „ tt in a colloid gel. 

F = „ „ gas. 

R = universal gas constant. 
i2'=gas constant for water vapour =iE/mol. wt. 

T = absolute temperature. 

(T = vesicular coefficient. 

In order to obtain a clearer insight into the conditions of equilibrium 
of these various states in which the water of the soil is supposed to exist, 
a thermodynamic cycle may be considered in which water is transferred 
through each phase isothermally. The method of the osmotic circuit 
developed by Callendar(5) enables us to write down the work terms 
involved in the circulation very simply. The phases are imagined separated 
by ‘^vapour sieves”; circulation of the solvent in the isothermal system 
is produced by perfectly efficient and reversible machines etc., 

which are alone responsible for the external work involved. The work 
done in passing unit mass of solvent through such a machine, working 
between head and tail pressures and Pg respectively, where the f/’s 
represent increase in volume of the phase produced by the addition of 
unit mass of water, is obviously 

PgiJg - PiC/i 4- f'PdU = P VdP ...(1), 

J Pi J p, 

since PJJ^ - PgC^g = f'PdV + T’ VdP. 

JPt J Pi 

We may therefore write down by inspection the integral on the right 
hand of (1) for the work done by each machine. It will only be possible 
to integrate these terms if we know the specific volumes U, V, W, X, etc., 
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476 A Phymcal Theory of Soil Moisture Relations 

as functions of the pressures. For F the specific volume of the vapour, we 
may write on the assumption that the gas obeys Boyle’s law. For 

the others in the absence of reliable knowledge we may use the mean 
values taken over the range of the integrals, and treat them as constants 
U\ W\ X\ For O' and W', the specific volumes of water and solution 
respectively, the error involved will not be very large, since the com- 
pressibility of water or a dilute solution is small; a more considerable 
error may however be involved in this treatment of X. 



In the first case (Fig. 1) pure water, under hydrostatic pressure <f>Q 
is maintained in equilibrium with colloid, whose swelling pressure is 0. 
For a circulation in the direction of the arrows the work terms will be 

r W'dP + fz'dP + r VdP = 0 ...(2). 

Jp 

Integrating, and neglecting vapour pressures which will be small com- 
pared with the magnitude of <f> and ift, we obtain 

w {Po - <l>o) + X'i^-p) + R'T log. J = 0, 

Vo 

or. PF'^o = ^'2’Iog.^ 

At equilibrium, where = p, X'i(t = 


...{ 3 ). 
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By substituting a solution in place of water in Fig. 1 , the only altera- 
tion in the integrals will be that W' is replaced by U', and <^5 becomes . 
Thus 

r u'dp + f z'dp +r vdp= 0, 

•Ui Jp J Pi 

whence X'tf, - V'4>i=^ R’T log ...(4). 

Subtracting (4) from (3) we get 

R'T log,^ ...(6). 

Ti 

This means that the difference in the hydrostatic pressures, ignoring 
the correction due to U* and W\ is equal to the true osmotic pressure ttq 
of the soil solution. 



Fig. 2 will enable us to write down the conditions for the equilibrium 
of the four phases. As before the work terms will be 

r w'dp + r u'dP + f x'dp + r vdp - o, 

00 ’T Jp J po 

Whence W (po-<k)+ U' (ft ~n) + X'{^-p) = R'T log, | , 

-( 0 ). 


or 


X'^ - - U'lr = R'T log, I® 
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Subtracting equation (3), 

X'^ - U'cl>x - V'n = R'T log, ^ . 

But at equilibrium the vapour pressure of the colloid must be equal 
to that of the solution, i.e. = p, therefore, 

X',p- U''n = 0; or n + ...(7). 

This means that if the hydrostatic pressure is zero, for equilibrium under 
any specified vapour pressure, ifj will only differ from <f>i+ ^ by the 
X' 

factor jp. If ^ is negative, as is the case when the moisture con- 
centration of the soil falls below a certain value, as will be shown later, 
the osmotic pressure of the soil solution must increase. It is thus obvious 
that the coUoid of the soil wiU exert an influence in determining the 
composition of the solution with which it will remain in contact when 
drainage takes place; absorption of salts by soil may thus be referred 
to the necessity of maintaining equilibrium according to equation (7) 
without any assumptions as to the ‘‘semi-permeability^’ of medium. 

In order to investigate the application of these relations it will be 
necessary to devise indirect methods for the measurement of tt and </> 
as functions of the inoisture concentration in the soil. In the original 
paper, preliminary experiments in attempts to measure these factors 
were described; reference will be made here only to those experiments 
which have a bearing on the theoretical discussion. We may now examine 
how far the equations developed above may be expected to throw light 
on the quantitative moisture relations of soils; those which depend on the 
existence of a free liquid phase in the soil will be first investigated. 


(3) The Fbee Liquid Phase. 

For simplicity we wiU assume that the soil is composed of spherical 
crystalline insoluble particles, of uniform diameter and regular packing. 
Assuming the particles are wetted, the liquid will distribute itself in 
such a way as to reduce the liquid surface to a minimum. This will 
involve the collection of liquid at the points of contact of the particles. 
As a first approximation the surfaces of the menisci so formed may be 
supposed to be those of tangent spheres. The volume of the drop formed 
by the revolution of the triangle bounded by the two arcs, of radius 
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equal to that of the particles, and the arc of a tangent circle may be 
shown to be given by the expression 

where 2d is the angle subtended at the centre of the spherical particle by 
the radii from the point of contact and the tangent meniscus. 

If we now make the assumption that the average number of contacts 
between particles in 100 gms. of soil is also related statistically with the 
average radius cubed, we can express the moisture content of a soil in 
terms of 8 only. If the particles were true spheres of uniform radius the 

number present in 100 gms. of soil would be where p is the 

average density of the solid particles. The number of contacts per particle 
would also depend on the closeness of packing. 

We are therefore justified in assuming that 

^^nV^Cfid) ...(9), 

where 0 is a constant which depends only on the packing and possibly 
the shape of soil particles and not on their size as determined by statistical 
methods. 

The hydrostatic pressure due to the surface energy of the drop may 
now be calculated from the well-known equation 



by substituting for and in terms of the average radius and 6, The 
expression so obtained is 

, 2y cos 28 sin 20 + 2 cos 20 — 2 


a (1 — cos 20) (sin 20 + cos 20 —1) 


.( 10 ). 


When — ^2 ^ vanishes. This is the case when 0 = 26 deg. 33 mins, 
nearly. The moisture content corresponding with this value of cf> will 
then be a constant for all soils independent of the average diameter 
provided C determined by the packing is the same. If we put 


X 100.^- 1496, 

|7raV 2 

i.e. the same value the constant would have if the spheres were all 
actually uniform of average density 2*4 and packed to minimum pore 
space when c = 12, the value of /x calculated for 0 — 26 deg. 33 mins, 
is 23*46. It was pointed out in the original memoir that this value is 
remarkably near that which appears as a constant term in the well 
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known relationsUp developed by Briggs and Shantz(6) between the 
moisture holding capacity (M) and the hygroscopic coefficient {H), 
This is: ilf == 4*2 J? + 21. 

Keen (8) has objected that at moisture contents much below this, 
the values calculated would require the interference, or overlapping of 
the menisci of the individual drops. No reliance can therefore be placed 
on the approximation of the experimentally determined value with that 
calculated on the basis of uniform spherical particles. 

The fact that this value is independent of the radius is, however, very 
significant. It is not to be expected that the absolute value of a constant 
depending on so many factors, which, in the model, are so enormously 
simphfied, could be calculated otherwise than by an excessively com- 
plicated statistical investigation of the influence of grading of particles 
of irregular shapes and sizes on the number of contacts. The value must 
inevitably rest on empiricism for its magnitude, but the theoretical 
treatment justifies our regarding it as a true constant. 

For any value of 6 other than 26*3 the hydrostatic pressure will vary 
inversely as the average radius. If, however, we assume that other soil 
^‘constants’’ are determined by definite absolute values of the hydro- 
static pressure of the free liquid, it is easy to see that the ratios of any 
two constants (in so far as they depend on the free liquid alone) in various 
soils will be the same. Thus since 

^ /fi __ Ml 

ih' / i ,'" 

The ratios of the moisture contents and the corresponding hydrostatic 
pressures for the two arbitrarily fixed points depend only on the value 
of Empirically it is found that the wilting point {S) is related to the 
moisture equivalent {E) by the following equation 

S = Ejl-M. 

It is to be expected that with large variations in the colloid content 
and the specific nature of the colloid material, this relation, which only 
holds theoretically for the free liquid, may tend to vary; this point will 
be considered later. The fact that the mass of experimental evidence 
obeys this relation gives additional support to the correctness of the 
theoretical reasoning advanced. 
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(4) Distribution of Water in a Vertical Column. 

Here a simple relation may be deduced by equating the vapour pres- 
sure of the water in the soil to the equilibrium vapour pressure of water 
in the atmosphere, which will be determined by the height above the 
saturation level. 

For the variation of the vapour pressure with height above a given 
level where p = have 

...( 11 ), 

J Po 

where 77 is the density of the vapour and may be replaced by pJR'T; 
whence, on integration, we obtain 



gh 

R'T' 


For the relation between the hydrostatic pressure and the vapour 
pressure of pure water we have 


4,W'^R'Tlog,^, 

whence, equating to ( 11 ) — <f>W' ~ gh ...( 12 ). 

If we express (f> in atmospheres and h in feet, the equation reduces 
to — = M, where h = 33*8. 

No explicit relationship has been deduced connecting ^ and /x. 
Corresponding values are tabidated below calculated on the assumption 
that 0=71 dynes per cm., and that C in ( 10 ) is approximately the same 
as that calculated on the basis of uniform spheres. The value of a is 
assumed to be 1 cm. ; the value of 0 for any other value of the average 
radius can be calculated by dividing the value of 0 given in the table by 
the average radius in centimetres. 


Table I. 


e 


tf> (atm.) 

h (feet) 

60 

007 

890 X 10-® 

0*31 

70 

0-24 

427 

0*85 

80 

0*38 

316 

0*107 

100 

0-87 

186 

0*063 

120 

1*64 

117 

0*037 

160 

3-66 

62 

0*021 

17*6 

4-97 

43 

0*016 

20-0 

9*37 

21 

0*007 

210 

10*67 

17 

0*006 

220 

12*83 

13 

0*004 

23*0 

14*84 

9 

0*003 

240 

17*06 

6 

0*002 

260 

19*41 

4 

0*001 

26-3 

23*47 

0 

0*000 
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In Table II is given a comparison of the probable capillary rise in 
soils characterised by average size of particles shown in Column 1. 
Keen(7) has shown that SUchter’s (3) conception of the triangular pore 
spaces in an ideal soil may be used on the capillary tube theory to 
calculate the height at which the soil would be saturated above that at 
which water would stand in a well. These values are shown in column 2. 
In column 3 is given the height at which the moisture content of the 
soil would be 5 per cent, calculated according to equation (12). 

Table II. 

Height above spring level 

Average diameter at which soil will be Height at which 
in mm. saturated (Keen) soil will be 5 % 

1-0 0-3 feet 0 075 

01 3-2 0-76 

001 31*8 7*6 

0001 317*6 76*0 



20 25 30 35 40 45 

Fig. 3. 


5 


10 16 
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The figures in column 3 are more in accord with experience. Un- 
fortunately there are at present no reliable figures by which the expression 
giving the variation of moisture with height above spring level might 
be tested. Buckingham’s (9) figures are accompanied by no determinations 
of the average diameter or the mechanical analysis. Kg. 3 shows the 
theoretical curves fitted on that obtained experimentally with assumed 
values for a. Except with soils of the coarsest texture it will be seen that 
the fit is reasonably good and that the values of a assumed are of the 
right order of magnitude. The presence of a large amount of colloidal 
matter in the soil will cause little variation in the values of /x over the 
small range investigated and may be considered to affect the result by 
an additive constant only. 

Another point which arises in connection with the free water of the 
soil is concerned with the theory of drain gauges and lysimeters, and 
does not appear to have received attention before. Since the hydrostatic 
pressure is negative for all values of /x below about 23, water can only 
be removed by the action of gravity when the pressure due to the weight 
of the drop is greater than that due to film curvature. A lysimeter will 
therefore give no evidence whatever of the drainage which may be taking 
place in an undisturbed column of soil due to a negative moisture gradient. 
This is supported by the fact that no drainage whatever took place from 
a drain gauge constructed in a dry soil at Lyallpur, until a quantity of 
water had been added, approximately sufficient to raise the whole of 
the isolated block of soil above its saturation point. 

(6) The Soil Solution. 

Equation (6) developed above shows that the osmotic pressure of the 
soil measured in situ will give only the apparent value. This fact does 
not appear to have been clearly recognised. Both the freezing point 
method of Bouyocos (lO), the seed method of Schull (U), and the vapour 
method perfected by Thomas since the publication of the original of 
this paper (12), will give apparent values of the osmotic pressure which 
will depend both on the concentration of the colloid, and the texture of 
the soil as well as the concentration of the soil solution. While such 
measurements are of direct application for comparison with the agri- 
cultural properties of the soil in their static aspect, it is only by separating 
these several variables that we can hope to construct a theory of the 
part played by these forces in the dynamics of soil moisture. Thus the 
rate of movement of the free soil solution may reasonably be expected 
to be much greater than that of water in the colloid phase. If, however, 
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equilibrium between the colloid and the free solution with which it is in 
immediate contact, is maintained fairly rapidly, we may expect the 
colloid to play a determining part in the movement of the soil solution. 
This may be seen by considering the exchanges which may take place 
across the boundary of two soil strata, one of which for simphcity may 
be considered to contain no colloid. If we suppose the sand drier than 
the clay (— <^' > — on bringing them into contact movements will 
take place tending to the equilibrium state at which the following equa- 
tions will hold approximately, 

tt' - 

f 

This change, under actual conditions, may not, and probably will not, 
take place reversibly. The clay layer may in itself act as a partially 
permeable membrane. Thus, since we are justified in assuming that the 
movement of free liquid will take place by far the more readily, it is 
possible that pure water, or a solution containing the more mobile of 
the dissolved molecules of the soil solution, may move across the boundary 
to bring the hydrostatic pressure into equilibrium. The increased negative 
hydrostatic and osmotic pressures in the clay layer will then slowly 
extract water from the colloid, and this process will be accompanied by 
a slow diffusion of salt until osmotic equilibrium is reached. 

Evidence that a process of this nature actually takes place was ob- 
tained in some preliminary work described in the original paper. Two 
quantities of a soil (clay 9*8 per cent., moisture equivalent 23*0, hygro- 
scopic coefficient 2-43) were made up to water contents of 7-5 and 6 per 
cent, respectively. Corresponding with these, calcium ferrocyanide was 
added in another portion so that in the soils containing 7-6 per cent, 
moisture, the soil solution contained 20 per cent, of salt, while for the 
soils with 6 per cent, moisture the salt concentration was 16 per cent. 
The soils so treated were then pressed into flat slabs, and made up in 
pairs separated by parchment paper, in such a way that the initial 
moisture concentration was the same in both layers, but all the salt was 
in one. The pairs of slabs were then wrapped in tin foil and kept at 
constant temperature in an air-tight jar. The movement of water was 
estimated from time to time by cutting off a portion from the composite 
slab and analysing each layer. The following table shows the results. 

Further experiments in which a copper ferrocyanide membrane was 
interposed between the layers enabled reliable determinations of the 
distribution of water at equilibrium to be made. The results cannot at 
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present be interpreted in the absence of reliable vapour pressure data 
for the same soil and soil solutions; the problem is further complicated 
by the fact that as the membrane will not be perfectly impermeable to 
all species of dissolved molecules, a complicated Donnan ‘‘membrane 
equilibrium ” (13) will result, which with poly- valent ions such as are 
present with calcium ferrocyanide, will defy solution. A similar experi- 
ment with a non-electrolyte might give more satisfactory results. 


Table III. 

Salt layer 
fi Water layer 


Time 

7*6 % water 
20 % solution 

6 % water 

16 % solution 

Remarks 

0 

10 

10 



4th day 

1*20 

MO 

No salt moved 

6th day 

1-40 

1-30 

>* »» 

8th day 

1*30 

1-20 

Salt moved 


The practical importance of a knowledge of osmotic action in soils 
will be realised by those acquainted with the problems of irrigation 
farming, under arid climatic conditions. While, on the one hand, economy 
of water is a first consideration, experience shows that a too parsimonious 
regime tends to render the soil saline. The soil proper is always dis- 
tinguished from the subsoil by an increased humus content which appears 
to diminish linearly with the depth, and to which the moisture content 
at equilibrium is proportional. If we now suppose that the solution 
leaving the soil proper is in virtual osmotic equilibrium with the colloid, 
the composition of the drainage water should be related with the colloid 
content. Thus at the boundary of the soil proper we may suppose that 
the water table imposes an equilibrium value of the hydrostatic pressure 
^ 0 , the true osmotic pressure ttq of the soil solution being regarded as 
approximately constant. (This follows from the fact that U' and W 
in equation (6) are practically identical since the solution is dilute.) For 
drainage to commence > <^o since, except with an excessively 
heavy irrigation, <f> will be negative, 

— ^ > ^0 ^0 • 

This means if ^^7 attain equilibrium slowly, that ttq must 

increase. The colloid will therefore act as a regulator of the com- 
position of the drainage water. In an entirely crystalline soil the drainage 
water will have the same composition as that applied in irrigation. With 
a heavy soil the drainage water will be less concentrated than that left 
in the soil proper. It would therefore appear from this cursory examination 
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that in sandy soils, frequent and light irrigations would more tend to 
economy without endangering salt accumulation. 

* With a heavy soil, on the other hand, in order to remove accumulated 
salts heavy irrigations must be given. Drainage in a comparatively dry 
colloidal soil leaves the salts behind. 

(6) The Colloid Phase. 

Experimentally we find that the equilibrium moisture content of a 
soil in contact with a liquid is not the same as that attained when contact 
is through the vapour phase. Theoretically this would indicate that there 
are phase differences between the two points. If we suppose that the 
hygroscopic coefiSicient is defined by the equilibrium of vapour and gel, 
regarding the system as containing the two components, water and 
colloid only, by fijdng the temperature and vapour-pressure, the system 
will be defined. 

If there is a free liquid phase we must now consider the system one 
of (at least) three components, since the concentration of the water in 
the gel phase, and the concentration of salts or dispersed colloids in any 
solution, will be separately variable. Fixing the temperature will now 
fix also the vapour pressure since we assume the presence of a free liquid 
phase. Equilibrium of (at least) four phases will thus be required for 
determining an invariant point, i,e. vapour, gel, liquid, and one other. 
In the original memoir it was suggested that the fourth unknown phase 
is a second liquid phase enclosed in the colloid mass. This phase, which 
was termed the ‘"vesicular” phase, will probably have an osmotic pres- 
sure different from that of the free liquid, under a different hydrostatic 
pressure exerted by the walls of the colloid retaining structure. The 
empirical relationships of Briggs and Shantz support this view. In their 
equation 

ikf == 21 -f 4*2 

it was suggested that the variation in moisture content, due to the vesi- 
cular phase, is represented by the factor 4*2 which was called the vesicular 
coefficient. It was recognised that the value of this factor would be 
likely to vary with the specific nature of the colloid. It is also to be noted 
that the vesicular coefficient will be a variable, related with the hydro- 
static and vapour pressures in such a way that the variation of ^ will 
be determined by fimctions of both the vesicular and gel concentrations. 

Experimental evidence was obtained by measuring the positive 
absorption of water by soil suspended in sugar solutions. The curve 
eictrapolated to zero concentration, indicated an absorption of 11-6 gms. 
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water per 100 gms. soil. The hygroscopic coeflB.cient of the soil was 2*4»^. 
The ratio ll*5/2*43 = 4-73 is near the average value 4*2 of the Briggs- 
Shantz formula. The method is open to many objections, and the accuracy 
is small since the result depends on the determination of small differences 
of concentration. Subsequent work, not yet published, also shows that 
the values obtained are not independent of the proportions in which the 
soil and solution are mixed. This would indicate a positive absorption of 
sugar, which would introduce serious error in dilute solutions with large 
amounts of soil. It is considered, however, that the evidence of variation 
of the vesicular coefficient with the osmotic pressure of the solution in 
equilibrium is trustworthy, although the method does not commend 
itself for the absolute determination of this magnitude. 

Hardy (14) has considered this explanation of the Briggs-Shantz 
empirical relationship from the point of view of the moisture content 
of soils at the point of maximum plasticity. This soil “constant,” deter- 
mined by the onset of stickiness on moistening an air dry soil, is taken 
to represent the point at which the free liquid films which are responsible 
for the internal tenacity of the structure are only just beginning to be 
formed. He assumes that when the colloid material of the soil is fully 
saturated with water, external adhesion then, and only then, becomes 
manifest. Hence the moisture content of a soil at the onset of external 
adhesion (the point of “stickiness”), is taken as a measure of the total 
imbibition capacity of the colloid content. 

On this hypothesis Hardy identifies the vesicular coefficient with 
the ratio 

Moisture content at maximum plasticity ^ _ 

Hygroscopic coefficient H 

In various soils of different geological type experimentally determined 
values were found to range between 4-68 and 2*37, the lowest value being 
that of a red laterite soil. The ratio F/H appears to diminish with in- 
creasing H in all cases except that of a very abnormal soil which contains 
58 per cent, humus and has a moisture holding capacity of 254*9. 

In order to obtain some idea of the extent to which Hardy’s “con- 
stant” F may be regarded as specific we may assume that the point is 
defined by a critical value of the hydrostatic pressure. Hardy assumes 
that there is no free water at this point, but it is difficult to see how the 
soil can flow without a free liquid phase. In what follows specific con- 
stants, i.e. those which will depend on individual properties of soils, 
are indicated by a superscript dash. 

For the moisture content of the colloid (gel + vesicular) an empirical 
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equation of the form ift = was found by 08twald(i6) to represent the 
variation of swelling pressure with concentration of several colloidal 
materials, and enables us to deduce an expression of the form 

where f is the colloid concentration per 100 gms. soil, and € is the density 
which will be a function of Since 

jptlt = w + (f>, 

we may substitute the critical value of which determines the value 
of Fy on the assumption that tt is small and varies little from soil to soil. 
The expression on the right of (13) will thus reduce itself to a specific 
constant which we may write For the free liquid we may use an 
empirical equation which agrees reasonably well with the figures cal- 
culated in Table I. This is of the form 


^ = JS cot Kfl 


...(14). 


The free moisture may thus be expressed in terms of another specific 
constant, S', as follows 






This, of course, involves the assumption, which is not strictly true, that 
the average radius of particles is independent of the moisture content. 
The hygroscopic coefficient will be a function of f alone, so we may write 
the expression for the moisture content at the point F, 


a 


dH 




is thus a variable, independent of a, and determined by the 


properties of the colloid alone. F, however, will vary with the average 
diameter as well as the vesicular coefficient. This is supported by an 
examination of the figures published by Hardy. His soils of Type 1 a 
fall within narrow limits on the curve 


F = 3-43 H + 9-64. 

Here the vesicular coefficient is 3*43 as compated with a value of 
about 6*4 at saturation. Table IV gives the values of a and /i, at the 
points F and My together with the mean probable errors (y). 
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Table IV. 


Soil type 

(Tf 

UlF 


(To 

M/o 

g 

1 

3*43 

9-64 

±0-26 

6*4 

20-5 

±0-62 

2 

3-01 

9-10 

0-74 

5-28 

19-8 

0-8 

3 

2*70 

10- 10 

110 

5-46 

20-9 

1-2 

4 

2-83 

9-80 

0-53 

3-61 

21-5 

0*4 


The fact that in all four types of soil the free water at the point F is 
round about 10 per cent, would indicate that the average diameter does 
not vary very much. There appears to be no definite relationship 
between and Oq. This would only be expected if the colloidal material 
in each soil type had identical properties. 

If the hypothesis on which this discussion is based is correct, namely, 
that at the point of maximum plasticity the free water of the soil attains 
a definite value, the determination of vapour pressures at this point for 
all soils should show identical values, or, more accurately, the ratio jpjjpQ 
should be constant. This criterion should hold equally for any soil 
‘^constant.” If this supposition is found to be the case we should be on 
certain ground in assuming that F has a real significance in the properties 
of soils, and the ease with which it is determined would have many 
advantages in their practical study. The number of measurements it 
will be necessary to make in order to find an expression of the nature of 
equation (13) wliich will connect ifs with can only be determined by 
further investigation. In this connection it may not be premature to 
suggest that for the physical characterisation of soils a knowledge of the 
value of a and a function giving the variation of o- with p or c/> should 
provide most of the information necessary. For the determination of a, 
that of Green affords a suitably convenient method. If another point, 
determined by constant <f> were available, this together with F and M 
would probably be found sufficiently to define the i/r/p, curves. 
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THE COMPOSITION OF SOME SUDAN SOILS. 

By a. F. JOSEPHS 

Wellcome Tropical Research Laboratories^ Khartoum. 

The object of the present commimication is to record the mechanical 
and detailed chemical composition of some t 3 rpical soils of the Sudan, 
which in many respects differ from any for which full descriptions are 
easily accessible in the literature. 

1. Geographical Note. 

The Anglo-Egyptian Sudan has an estimated area of a million square 
miles lying roughly between latitudes 22° and 4° north and meridians 
22° and 37° east. 

It is bounded on the north by Egypt, on the east by the Bed Sea, 
Eritrea and Abyssinia, on the south by Uganda and the Congo Free 
State and on the west by French Equatorial Africa. The White Nile, 
which rises in the Uganda lakes, is reinforced by numerous tributaries 
as it flows north to Khartoum where it meets the Blue Nile, which, rising 
in Lake Tana, flows north-westward from 'the Abyssinian Hills. From 
Khartoum, the main Nile flows north, receives the Atbara, which is its 
last tributary, and passes through Egypt to the Mediterranean Sea. 

The Sudan is divided into fifteen provinces from thirteen of which 
soil samples have been examined during recent years. The range of 
climate over this area is very great, the rainfall varying from practically 
nothing in the north to 1200 mm. in the south. 

2. Soil Types. 

Up to the present no attempt has been made at a systematic agri- 
cultural or soil survey of this large country, but sufficient information 
has now been obtained to enable a description to be given of the more 
important soil types, which are shown in the table below. 

^ The experimental work has been carried out by the whole staff of these laboratories ; 
acknowledgements are made at the end of the paper. 
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Table I. 


Name* 

1. River allu- 
vium 


2. Flood allu- 

vium 

3. “Badobt" 

or cotton 
soil 

4. Khorsoil 


5. Goz soil 


6. Blue clay soil 


Calcium 


Source 

Colour 

carbonate 

Composition 

Remarks 

River deposits : banks 
and basins 

Thick annual dejposit 
from Abyssinian 
hills flood water 

Brown 

»» 

Low 

» 

No stones and gra- 
vel. Highly sili- 
ceouscoarsesand. 
Much clay and silt 

Soluble salts 
low 

Loess: Aeolian de- 
posit from northern 
desert 

” 

As black calca- 
reous nodules 
and coarse 
sand 

High in clay and 
low in silt 

Soluble salts 
high 

Alluvial deposit from 
khor water 

Almost black 

Small amounts 
in coarse sand 
and silt 

Very high in clay: 
very little coarse 
material 

Soluble salts 
low 

Aeolian sand deposit 
from northern 
desert , 

Reddish brown 
to brick red 

None 

No stones and gra- 
vel : much coarse 
and fine sand 

Soluble salts 
extremely 
low 

Loess: similar to (3) 

Slate blue or 
grey 

Verylowinclay 
and silt frac- 
tions 

High proportion of 
clay 

Soluble salts 
low 


* The names given here are those we have been in the habit of using locally. They are not necessarily those 
which will be finally adopted as type-names, 
t Pronounced with both vowels long. 


(а) River alluvium. These soils occur as strips parallel with the 
river and usually extend only a short distance—perhaps a mile — from 
the river bank. Considerable areas exist in the so-called ‘"basins” which 
are depressions annually flooded by the river. 

The soils consist of brown clays and silts : stones and gravel are always 
absent and the proportion of coarse sand is low. 

These soils are cultivated in almost all provinces through which the 
Nile or one of the larger tributaries pass and basin cultivation is carried 
on in the provinces of Berber and Dongola. The old alluvium (or land 
which once formed the river bank) is called “karu” to distinguish it from 
areas which are still being flooded annually. 

(б) River flood alluvium. In certain parts of the eastern Sudan, the 
rivers from the Abyssinian hills discharge annually a rapid and turbid 
flood on to the land. The deposit thus laid down, which of course varies 
greatly with the force of the current, is similar to that of river alluvium. 

The important areas of Tokar (Red Sea Province) and Kassala 
(Kassala Province) are cultivated by means of the Baraka and Gash 
floods respectively. 

(c) Loess or cotton soil, are names given to a heavy brown 

clay soil of aeolian origin. It is characterised by a high proportion of 
clay and a low one of silt. In the most important areas examined, the 

32—2 
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stones and gravel consist largely of black nodules composed almost 
entirely of calcium carbonate. This soil is often of considerable depth 
and it appears to have little tendency to drain even when resting on 
sand. It usually contains a high proportion of salts soluble in water. 
The proportion of clay is higher in the southern than the northern districts. 

The most important area of badob is the ‘'Gezira’’ lying between 
the Blue and the White Niles in the Blue Nile Province. Grain and other 
crops are grown under rain ctiltivation, but cotton depends almost 
entirely upon irrigation from the Blue Nile. A description of the Gezira 
with soil analyses was given some years ago by Beam (i). 

(d) Khor soil^. This term is used to denote an alluvial deposit left 
by khors either as the dried up bed or as a deposit on the sides. In 
many properties it resembles a heavy alluvium but those examined were 
much darker in colour than either the Nile alluvium or the loess. 

These soils are wide spread : those examined in the laboratory have 
been mainly from Kordofan. 

(e) Goz soils. These are red sandy soils consisting mainly of ‘‘sand.’’ 
Stones and gravel are absent and the clay varies from 6 to 50 per cent. : 
they vary in colour from reddish brown to brick red. They are cultivated 
under rain only. 

The whole of the gum districts of Kordofan consist of this type of 
soil. 

(/) Blue clay soils. The soil in the vicinity of the upper reaches of 
the White Nile and its tributaries often consist of a heavy clay soil of 
a slate blue colour. It always contains a high proportion of clay, some- 
times as much as 76 per cent. Stones and gravel are absent and the 
soluble salts usually low. 

3. Methods of Examination. 

Mechanical analysis is carried out as described in a former publi- 
cation (2). Nitrogen, phosphorus and “soluble” potash have been esti- 
mated by the usual methods, the two latter being extracted by boiling 
20 per cent, hydrochloric acid, but the difference of opinion which exists 
as to the interpretation of the results have prevented us from making 
the determinations in large numbers. 

“Soluble salts” are determined approximately by measuring the 
specific conductance of an extract made with one part of soil and five 
of water and multiplying the result by 260 (see (3), p. 62) and the alkalinity 
by measuring electrometrically the hydrogen-ion concentration (4). In 

^ Khor — the temporary channel of a mnning stream during the rainy season. 
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many cases moisture equivalents have been determined and some general 
results are given in a recent paper (3). 

The most important data in the present communication are the 
results of the full chemical analyses which have been made of six soils 
using the methods of the Geological Survey of the United States (5). 

In examining the general features of the different soils, samples are 
usually taken each foot from one to four feet, but in some cases the 
samphng has been extended to 12 feet, to test particularly the vertical 
distribution of soil alkali. The full chemical analyses have been made on 
first foot samples. 

4. Soils Examined. 

The chemical analysis of a whole soil gives very little information 
as to its character: for example, a soil containing coarse quartz sand and 
fine fractions Ibw in silica might have the same composition as one 
containing no coarse sand but composed of fine fractions high in silica. 
For this reason, the soils chosen for ultimate analysis have first been 
separated into the conventional fractions by the ordinary methods of 
mechanical analysis and each fraction analysed separately. Whilst this 
increases the labour of the investigation so greatly that only a few soils 
have been completely examined it is felt that it is the only method likely 
to be of any use in characterising a soil. 

The soils which have been analysed are as follows: 

Table II. 


Type 

Flood 

alluvium 

Badob 

Khor soil 

Goz soil 

Blue clay 
soil 

Locality 

Kassala 

Gezira 

Blue Nile 

Um Ruaba 
Kordofan 

Abu Haraz 
Kordofan 

Nasser 
Upper Nile 

Colour ... ] 

1 light brown 

Dark brown 

Black 

Red 

Slate blue 

Stones and gravel % 

00 

2-7 

00 

M 

00 

Coarse sand % 

5*4 

100 

1-7 

31-9 

5-2 

Fine sand % 

15-7 

19-2 

15-2 

34-8 

13-4 

snt % 

32-2 

10-8 

151 

2-8 

13-8 

Clay% 

46-7 

57-2 

68-1 

29-5* 

07-6 

Soluble salts % 

0028 

0100 

0035 

0005 

0029 

pH 

8-3 

9-4 

8-1 

8-5 

8-5 


* This sample was selected in order to obtain more clay than is usual with this class of 
soil: almost 10 % is a more common proportion. 


5. Genekal Characters of the Soils. 

None of the above types are common in temperate climates: they 
appear to be associated with a country consisting of large uniform plains 
with only the gentlest slopes. On the other hand, in the south and west 
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of the Sudan, soils are met with which show a much greater variety in 
accordance with the more varied topographical features: large stones, 
calcareous nodules, and gravels are more common and types more like 
those found in Europe are more frequently met with. As these areas are 
less important from the point of view of immediate agricultural develop- 
ment, very little work has been carried out on them up to the present. 

All the above soils are alkaline, having pH values varying from 
8 to 9'5, and all are low in organic matter which only occasionally exceeds 
1 per cent. The nitrogen is low, usually less than 0-06 per cent, and of 
this only one-tenth is likely to be in the form of nitrates. Nitrification 
in arid soils has been the subject of numerous investigations and an 
account of experiments carried out in recent years near Khartoum has 
been published lately (6). 

The phosphoric oxide extracted by 20 per cent, boiling hydrochloric 
acid varies between 0-1 and 0-2 in first foot samples. 


6. Results of the Chemical Analysis. 

The detailed results of the analysis are given in Table III below. 
From these figures together with those for the mechanical composition 
of the soil, it is, of course, possible to calculate the percentage composition 
of the whole soil, but such results are of so little value, that this has not 
been done. 

Table III. 



SiOg 

AlgOg 

FegOg 

TiOg 

MnO CaO 

Gezira 

MgO Aq-Org 

COg 

NagO 

KgO 

Total 

St. and g. 

7*69 

6-67 

1-23 

0-67 

2-32 46-36 

0-29 

— 

36-33 





100-46 

C. sand 

10-38 

6-49 

1-32 

0-50 

1-18 44-86 

0-62 

— 

34-65 

— 

— 

100-00 

F. sand 

75-62 

6-34 

7-98 

2-30 

0-60 4-49 

0-76 

0-97 

0-56 

0-60 

0-03 

100-06 

Silt 

63-67 

12-76 

10-32 

5-95 

— 6-25 

2-31 

6-42 

1-52 

0-36 

0-21 

99-77 

Clay 

46-70 

20-22 

12-44 

2-03 

— MO 

Um Ruaba 

1-69 

16-16 

— 

0-48 

0-64 

100-26 

C. sand 

86-26 

2-48 

1-30 

0-28 

0-14 6-11 

0-16 

1-12 

4-06 

0-71 

0-13 

101-74 

F. sand 

81-40 

7-50 

2-82 

1-72 

0-97 2-12 

0-30 

1-82 

0-24 

0-68 

0-33 

99-96 

Silt 

61-92 

12-79 

6-68 

2-30 

0-37 5-17 

0-53 

6-66 

2-44 

0-36 

1-08 

98-20 

Clay 

48-36 

20-72 

13-14 

2-90 

— 1-76 

Nasser 

0-66 

12-66 

— 

0-79 

0-35 

101-23 

C. sand 

88-79 

5-09 

1-63 

0-63 

0-29 1-21 

0-19 

1-45 

0-06 

0-67 

0-69 

100-60 

F. sand 

73-67 

9-63 

4-95 

2-40 

1-32 3-57 

0-60 

2-61 

0-44 

0-98 

0-67 

100-64 

Silt 

67-39 

14-96 

6-87 

5-17 

— 4-66 

0-76 

8-73 

1-41 


0-07 

100-01 

Clay 

48-77 

17-27 

16-48 

3-12 

— 1-35 

Abu Haraz 

0-80 

12-97 

— 

0-17 

0-38 

100-31 

C. sand 

98-03 

0-34 

1-06 

0-29 

— 0-45 

0-02 

0-73 



0-62 

0-08 

101-52 

F. sand 

94-47 

1-39 

1-09 

1-72 

0-02 0-63 

0-33 

0-77 

— 

0-44 

0-66 

101-42 

Silt 

63-64 

11-14 

9-87 

3-94 

— 2-23 

0-60 

8-73 

— 

0-53 

0-16 

100-73 

Clay 

42-08 

26-10 

14-38 

2-78 

~ 0-80 
Kassala 

0-64 

13-12 

— 

0-61 

1-28 

100-71 

Silt 

49-86 

20-45 

9-61 

1-42 

0-36 2-60 

3-98 

8-84 



1-49 

1-89 

100-60 

Clay 

44-68 

19-98 

14-41 

1-42 

0-24 1-18 

2-95 

14-17 

— 

0-18 

1-36 

100-46 



A. F. Joseph 


495 


7. Summary of the Results op the Chemical Analyses. 

Table IV contains the salient features of these results. 

“Other oxides” includes those of aluminium, iron, titanium, man* 
ganese, magnesium, sodium, potassium and calcium, the latter reduced 
by the quantity equivalent to the carbon dioxide found, this amount 
being assumed present as calcium carbonate. 


Table IV. 




Gezira 

Um Ruaba 

Abu Haraz 

Nasser 


Kassala 

Blue Nile 

Kordofan 

Kordofan 

Upper Nile 

Stones and gravel 

None 

Calcium carb. 

None 

None 

None 

Coarse sand 

Not analysed 

80% 

85 % 

98% 

89 % 



calcium carb. 

silica 

silica 

silica 

Silica fine sand 

Not analysed 

76 

81 

94 

74 

Other oxides 

_ 

22 

16 

6 

23 

Silica silt 

60 

54 

62 

64 

67 

Other oxides 

41 

37 

26 

28 

31 

Silica clay 

Other oxides 

45 

47 

48 

42 

49 

42 

38 

40 

45 

38 


Dealing with the fractions in order, the results show that 

{a) The Gezira badob soil alone contains particles above 2 mm. in 
diameter and these consist mainly of calcium carbonate. 

(b) The coarse sand fraction consists of silica, except in the Gezira 
soil. In this it consists of about 80 per cent, of calcium carbonate, the 
remainder consisting not of free silica but of silicates somewhat low in 
silica. 

(c) The fine sand fraction consists mainly of silica with about 15 per 
cent, of basic oxides, except in the case of the Abu Haraz red soil where 
it is 98 per cent, silica. 

(d) The silt fractions of the Gezira and Nasser soils are very similar, 
containing about 55 per cent, silica and 30 per cent, basic oxides; the 
two quite different soils from Kordofan (Um Ruaba and Abu Haraz) 
have very similar silt fractions, containing about 63 per cent, silica and 
23 per cent, basic oxides. 

(e) The clay fractions from the Gezira, Um Ruaba and Nasser blue 
clay are similar, with about 48 per cent, silica and 38 per cent, basic 
oxides. The clay from Kordofan red soil is quite difierent having 42 per 
cent, silica and 45 per cent, basic oxides, whilst that from Nassala 
occupies an intermediate position in this respect. 
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8. Composition of the Clay Feactions. 


Clay plays so important a part in most of these soils that a few 
additional remarks may be made on the differences as shown in the 
complete table of analyses. The relation between the physical properties 
and chemical composition of clay is a very complex subject: a consider- 
able amount of information has been collected on it in these laboratories, 
which it is hoped to publish in due course, from which it appears that 
a very important factor in determining the plasticity of a clay is its 
composition as shown by the molecular ratio of silica to alumina. 

For the soils now described the figures are as foDows, it being under- 
stood that the remarks on the subject of plasticity are only derived 
from a general impression as to their behaviour in the field. 


Table V. 


Clay from Silica-alumina ratio 

Kassala 3-77 

Gezira 3-90 

Um Ruaba 3 95 

Abu Haraz 2*85 

Nasser 4*79 


Plasticity 

Fairly plastic 
Plastic 

Only slightly plastic 
Very plastic 


The above figures are suggestive and the subject is being more fully 
investigated in the laboratory: it may be added that the almost non- 
plastic mineral kaolinite has a silica-alumina ratio of 2-0. 


Summary. 

A description is given of five typical soils of the Sudan covering a 
wide area. Of these, four are heavy clays and the fifth a sandy soil. All 
are alkaline and with one exception low in calcium carbonate. The results 
of the full chemical analysis of the conventional fractions are given and 
it is suggested that an important characteristic of a clay soil is the 
chemical composition of the clay fractions. 

Most of the experimental work on which this paper is based has been 
carried out by Dr F. J. Martin, Mr B. W. Whitfeild, Mr J. S. Hancock, 
of these laboratories and Mr J. W. Farmery formerly of these laboratories. 
In addition to them, I am indebted to Sir John Russell and to Mr Gr. W. 
Grabham, Government Geologist, for valuable advice and criticism. 
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DIGESTION TRIALS WITH SWINE. 

I. DESCRIPTION OF HARNESS AND METABOLISM CRATE. 

II. DIGESTIBILITY OF BARLEY MEAL. 

By THOMAS BARLOW WOOD, C.B.E., M.A., F.I.C., F.R.S., 
Drapers^ Professor of Agriculture, Cambridge University, 

AND HERBERT ERNEST WOODMAN, Ph.D., D.Sc. 

{Institute for the Study of Animal Nutrition, School of Agriculture^ 
Cambridge University.) 

(With Two Text-figures.) 

Introduction. 

The carrying out of digestion experiments with swine introduces diffi- 
culties of technique which are not encountered in similar work with 
sheep. The pig is apt to be restive under restraint and does not always 
take kindly to the wearing of harness. The designing of a suitable harness 
is not easy on account of the shape of the pig, and when confined in a 
metabolism cage, the animal frequently spends much of its time rubbing 
vigorously against the sides, thereby considerably disarranging the har- 
ness. Moreover, since the pig increases in size so rapidly, it is necessary 
that the fit of the harness be capable of adjustment within wide limits. 
A further difficulty is connected with the voracious appetite and destruc- 
tiveness of the pig, so that if the experimental ration does not satisfy 
the hunger of the animal, the latter will often gnaw the wooden parts of 
the crate and will even devour its own faeces, if the degree of freedom of 
movement permits it to turn round. The quantitative feeding of a pig 
is a matter of difficulty, owing to the animars eagerness and its habit 
of stepping into the food trough. Swine do not display such hardiness 
under confinement as do sheep, and it is therefore necessary to maintain 
an equable temperature in the metabolism room throughout the experi- 
ments. 

In his classical researches on the metabolism of swine, Meissl(i) did 
not attempt the use of harness, but constructed a cage in which the 
animal could lie down comfortably and could move backward or forward 
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to the distance of about 18 inches. It could not, however, turn round. 
The floor of the cage consisted of glass plates, suitably sloped to permit 
of the urine readily draining away. Meissl stated that the collection of 
the solid excreta uncontaminated by urine was rendered simple by the 
habit of the pig backing as far as possible from the feeding trough before 
defecation. The writers, however, have attempted to construct simple 
metabolism crates on this principle and have never succeeded in securing 
a satisfactory separation of liquid and solid excreta by this means. 

A second type of metabolism crate for swine is described by Forbes (2), 
who sought in his design to secure comfort and freedom of movement 
for the animal, free circulation of air and accurate collection of excreta 
without admixture or contamination. The floor of the crate constituted 
the special feature. The pig stood on an upper screen below which was 
a second and lighter screen. The latter was used merely to support a 
light piece of cloth which retained the faeces falling through the upper 
screen. Beneath the lower screen was a hopper, by means of which the 
urine drained away to a collecting vessel. A distinctive feature was the 
arrangement whereby the upper part of the crate was moveable on small 
wheels, which ran in grooves in the framework of the lower part. By 
this means, the upper part containing the pig could be pushed over on 
to a cleaning table whenever it was necessary either to clean the pig or 
collect the faeces. 

It would appear, however, from the account given by Forbes, that 
the use of such a crate is not without disadvantages. The arrangements 
are too elaborate and much care and labour must be expended if satis- 
factory results are to be obtained. The pig has to lie down on the screen 
which retains the bulk of solid excreta, and it must therefore be no 
easy matter to keep the pig clean and secure quantitative collection of 
the faeces. Furthermore, there must always be considerable risk of 
contamination of the solid excreta with urine. 

After conducting several preliminary trials, the writers came to the 
conclusion that the problem could not be solved satisfactorily without 
the use of harness. Kellner, in his work with pigs, was able to devise a 
satisfactory urine funnel, whilst Lehmann also used in his experiments 
a ‘‘bag and funnel” harness similar to that used in investigations with 
sheep. This design of harness has, however, always been a source of 
trouble even when worn by sheep, and it seemed probable that it would 
prove even more troublesome when employed in work with swine. In 
investigations carried out with sheep in this institute, the old “bag and 
funnel” harness has for some years past been replaced very successfully 
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by the Hainan harness, which has been described in detail in an earlier 
communication (3). In its essentials, it consists simply of a rubbered 
canvas sheet attached to the hindquarters of the animal by means of 
suitable harness. The troublesome collecting bag and the urine funnel 
are dispensed with altogether. It was decided to modify the design of 
this harness in certain details to suit the pig’s anatomy and to investigate 
the possibility of employing it in digestion experiments with swine. 

I. Description of Harness and Metabolism Crate. 

Fig. 1 shows the pig wearing the harness. The rubbered canvas 
sheet is attached to the hindquarters of the animal by means of leather 
straps. It is weighted at the lower end in order that it may hang smoothly 
over a horizontal bar fixed in the back of the crate. By this means, the 
solid excreta fall directly into a collecting pan stationed in a suitable 
position on the floor of the metabolism room. No faeces therefore fall 
on to the floor of the crate. 



Fig. 1. Showing pig wearing harness. 

The harness is so made that it permits of adjustment within wide 
limits, and it can therefore be used for pigs of varying size. A few inches 
of strong elastic band are let into the strap which fits along the back of 
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the animal. This allows for stretching and thus affords greater ease of 
movement for the animal. 

In designing the crate, it was desirable to secure an arrangement 
whereby the dimensions were capable of easy adjustment to suit the 
requirements of animals of differing size and weight. For this reason, 
the back and one side of each cage were so constructed that they could 
be fixed in any desired position. 

The general idea of the arrangements may be gathered from Fig. 2 
which represents a simplified plan of a crate designed for use with two 
animals. 


M N 



Fig. 2. Jieprcsonting simplified plan of crate for use with two pigs. 

The main framework of the crate was constructed of solid deal beams 
(3 ins. by 2 ins.), the dimensions being 6 ft. fi ins. in length, fi ft. 3 ins. in 
width and 3 ft. 7 ins. in height. The floors of the cages (7 and II) were 
raised 1 ft. 8 ins. above the ground level. The vsides of the cages {AB, 
EF, GH and CD) were made by drilling holes into the lower and upper 
deal beams to take 1 inch vertical iron bars. The distance between 
successive bars was about 3 inches. The two sides AB and CD were 
joined together by means of horizontal iron straining rods, two at the 
back and two at the front of the crate. The moveable partitions EF 
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and GH were made to slide along the straining rods and it was possible 
to clamp them rigidly in such positions that the width of the cages 
{AE and GO) was just sufficient to permit the animals to stand up or 
lie down comfortably, but not ample enough to enable them to turn 
round. To prevent the animals from having too much freedom longi- 
tudinally, moveable frameworks consisting of horizontal iron bars 3 ins. 
apart {IJ and KL) could be fitted between the vertical bars of the sides 
in any desired position. The animals were not given more than about 
9 ins. of freedom for movement backwards and forwards. 

For the purpose of feeding the animals, lift up doors were made in 
the front of each cage. The feeding troughs R and S were bolted down 
on to a small platform erected outside the cages at the level of the floor 
of the crate. This made it impossible for the pigs to step into the feeding 
boxes and the attendant was able to ensure clean consumption of the 
food. 

The floor of the crate consists of stout deal boards 3 ins. in width, 
placed \ in. apart and running parallel with the front of the crate AC, 
The boards are triangular in cross section. The upper surfaces which 
form the floor of the crate have had their edges suitably rounded off, 
whilst the third edge is kept sharp. In order to avoid rotting of the 
wood by urine, the boards had previously been soaked for 12 hours in 
molten paraffin wax. . Such an arrangement enables the urine to run off 
the boards very readily, the liquid dripping from the lower sharp edges 
into galvanised iron hoppers (3 ft. by 2 ft. 9 ins.) fixed immediately 
beneath the floor of the cages. The hoppers are so sloped as to enable the 
urine to drain away into collecting tanks suitably situated at the sides 
of the crate. All accessible wooden parts of the crate are covered with 
sheet zinc, with a view to preventing gnawing of the wood by the 
animals. 

During an experiment, the floor boards immediately behind the 
frameworks IJ and KL are removed. The rubbered canvas sheets hang 
smoothly over the lowest bars of the frameworks and the solid excreta 
thus fall directly into large collecting pans situated on the ground level 
at P and Q, 


II. Digestibility of Barley Meal. 

With the object of testing the suitability of the crate and harness 
described above, a trial was carried out in which the digestibility of 
barley meal was determined. For this purpose, a large white hog was 
selected. Its weight was 286 lbs. at the beginning of the trial. The daily 
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ration was 2000 gm. barley meal (soaked overnight). The experimental 
period, during which the solid excreta were weighed and analysed, was 
of 10 days’ duration, this being preceded by a preliminary feeding period 
of 5 days. 

During its stay in the metabolism cage, the animal gave little or no 
trouble and the arrangements worked very satisfactorily. Similar experi- 
ments on other pigs carried out since the date of this preliminary trial 
have also shown that this method of collecting liquid and solid excreta 
separately may be recommended with confidence. It is essential to 
select quiet animals of reasonably clean habits and to accustom them to 
the conditions before commencing an experiment. 

The results obtained in the experiment with barley meal are sum- 
marised below: 

Analysis of barley meal and composite sample of faeces 
(calculated on dry matter basis) 


Crude protein ... 

Barley meal 

0/ 

/o 

12*29 

Faeces 

o/ 

/() 

10*77 

Kthor extract ... 

0*88 

7*78 

N-free extractives 

78*09 

42*37 

Cnide fibre 

5*58 

23*83 

Ash 

3*1() 

15*25 


The figures for the composition of the barley meal display abnormality 
in regard to the content of oil, which usually lies between 2 and 3 per 
cent. Repetitions of the determination, however, confirmed the low 
value of 0-88 per cent, as representing the amount of ether extract in 
the sample of meal under experiment. 

Mean weight of fresh faeces voided daily ^ 1186 gm. 

Mean weight of dry faeces voided daily 349-3 gm. 

Mean weight of dry barley meal consumed daily ^ 1672 gm. 


Table showing calculation of digestion coefficients for barley meal. 



Total dry 
matter 

Organic 

matter 

Crude 

protein 

Ether 

extract 

N-free 

extractives 

Crude 

fibre 

Ash 


gm. 

gm. 

gm. 

gm. 

gm* 

gm. 

gm. 

Consumed 

1672*0 

1619*2 

205*49 

T4-71 

1305*66 

93*30 

52*84 

Voided 

349*3 

296*0 

37*62 

27*17 

148-0 

83*24 

53*27 

Digested 

1322*7 

1323*2 

167*87 

— 

1157*66 

1006 

— 

Digestion 

coefl&cients % 

79*11 

81*72 

81*69 


88*66 

10*78 



It is seen from the above table that the crude fat constituent dis- 
played a negative digestibility, i.e. the faeces contained more ether 
soluble material than did the ration of barley meal itself. This, however. 
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is a disturbance which arises commonly when foodstuffs poor in oil are 
submitted to digestion trials. Such anomalies are moreover much more 
likely to occur in experiments with pigs than with sheep, since the results 
obtained by Kellner (4) show that the disturbing effect of the ether soluble 
metabolic substances which find their way into the faeces is much more 
significant with swine than with ruminants. For this reason, the apparent 
digestibility of the crude fat of a foodstuff is usually appreciably lower 
with swine than with ruminants, and it is therefore not surprising that 
in the present instance, with a sample of barley meal so poor in ether 
extract, the apparent digestibility of the crude fat was negative. 

It will further be noted that the utilisation of the inorganic salts of 
the barley meal was exceptional, since the amount appears to have 
undergone no diminution during the passage of the food through the 
alimentary canal. 

In the table given below, the digestion coefficients obtained in the 
present trial are compared with those obtained by Kellner in experiments 
with ruminants. 

Present trial Kellner’s figures 
(pig) (ruminant) (5) 

O/ 0/ 

/o /o 

Organic matter 81*7 81-1 

Crude protein 81-7 81*0 

N-free extractives 88*7 83-0 

Crude fibre 10-8 50-0 

Ether extract Negative 70*0 

Excellent agreement is displayed between the figures for organic 
matter and crude protein. The pig digests the N-free extractives to a 
somewhat bigger extent than does the ruminant, whereas, as would be 
anticipated, the ruminant is able to make better use of the crude fibre 
and crude fat of the barley meal than can the pig. 

In the next table is shown the amounts of nutrients digested by the 
pig (using digestion coefficients obtained in present trial) and the rumi- 
nant (using Kellner’s digestion coefficients) per 100 parts of dry matter 
of barley meal consumed. 



Pig 

Ruminant 

Organic matter 

79-91 

78-18 

Crude protein 

10-04 

9-96 

N-free extractives 

69-27 

64-81 

Crude fibre 

0-60 

2-79 

Ether extract 

— 

0-62 


By utilising the ordinary Kellner expression for both pig and rumi- 
nant, it follows that the Production Starch Equivalent per 100 lbs. dry 
barley meal is 78*5 for the pig and 77-5 for the ruminant. Whilst it is 
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unsafe to generalise on the result of one trial, the figures point to the 
assumption that barley meal possesses approximately an equal productive 
value for both swine and ruminants, despite the differences which 
characterise their digestive systems. 

During the 15 days of the trial, the pig, which initially weighed 
286 lbs., lost 8 lbs. in weight. The mean daily nitrogen balance was 
+ 4*3 gm. 

In conclusion the writers have pleasure in acknowledging the valuable 
assistance of Mr F. J. Aylett in connection with this investigation. 
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STUDIES ON THE METABOLISM OF THE RUMINANT 
BY INDIRECT CALORIMETRY 

I 

THE INFLUENCE OF VARIATIONS IN THE EXTERNAL TEM- 
PERATURE ON THE ENERGY EXCHANGE OF THE GOAT. 

By H. E. MAGEE, 

The Rowett Research Institute, Buckshurn, Aberdeen, 

(With Three Text-figures.) 

In calorimetric work the ideal experimental conditions are that all 
factors capable of influencing metabohsm, except the one whose influence 
is the object of investigation, should be made constant or otherwise 
accounted for. It was while striving to attain such conditions that the 
necessity for this study arose. 

During an investigation into the effect of food ingestion on the basal 
metabohsm of the goat by the method of indirect calorimetry described 
by Orr and Magee (i) it was deemed inadvisable to ignore the diurnal 
variations in external temperature, and, consequently, it was decided 
to submit the animal to varying changes of external temperature and 
to determine their effect upon its basal metabohsm. It was the special 
objective of the experiments to ascertain the critical temperature of the 
goat or the temperature at which the vital processes of the animal are 
most economically maintained. 

PREVIOUS WORK. 

Lavoisier (2) showed that the absorption of oxygen was greater in a 
resting man at low than at high temperatures. Voit (3) showed that the 
critical temperature of man lay between 14® C. and 16® C., and Rubner (4) 
that the critical temperature of the guinea-pig was at 33® C. Rubner 
also found that the critical temperature of a long-haired dog was between 
20® C. and 30® C., and that after being shaved, the dog's metabohsm 
showed a marked increase. Like Voit he believed that the increase in 
heat production observed at low temperatures was independent of 
shivering movements, a contention denied by Sj6str6m(5). 
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Lefevre (6) concluded from experiments on different kinds of animals 
that there is no critical temperature, but that the metabolism decreases 
steadily as the temperature is raised from 0° C. to the temperature of 
the animal’s body. He also demonstrated the conservative effect of the 
protective coverings of animals on their heat production. Richet and 
Segulas concluded that in rabbits and guinea-pigs metabolism is at a 
maximum between 14° C. and 20° C. Their work has been severely 
criticised by Leffevre (l.c.). 

Leonard Hill and others (7) have demonstrated that the metaboJisrn 
is raised by cool, out-of-door conditions and that shivering is not a 
necessary accompaniment of the increased metabolism. The chief factor 
responsible for the increased metabolism is the cooling power, and not 
the temperature, of the atmosphere. 

The effect of cold food on metabolism is illustrated in an experiment 
by Lusk (8). When a given amount of glucose dissolved in water at body 
temperature was ingested, the findings of direct and indirect calorimetry 
agreed closely; but when the glucose was given in cold water, the heat 
emission was less than the heat production owing to the necessity of 
warming the stomach contents. 

O’Connor (9) has brought forward evidence to show that the alterations 
in the blood flow following change in external temperature can be brought 
about independently by change in the temperature of the brain or of 
the skin. 

Wood and Capstick(iO) concluded that the critical temperature of 
the pig lies round about 21° C. 

EXPERIMENTAL PART. 

The Animal. 

The animal was an almost fully grown female goat which had lived 
outside unti] the beginning of winter. It was in excellent condition, which 
was maintained during the investigation by adequate daily exercise. 

The weight, which was taken daily at the same time, was 29 kilos when 
the experiments commenced on 6. xi. 22, and 34*5 kilos when the experi- 
ments were completed on 16. ii. 23. The gain in weight of 5*5 kilos is 
chiefly attributable to the fact, discovered afterwards, that the animal 
was pregnant. 

The diet was constant throughout and consisted of : 

Foodstuff Weight in gms. Calories 
Maize 200 ) 

Turnips 600 [ 2038 

Hay lOOOj 


33—2 
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The diet was given daily at noon in one feed. It was believed to be 
just about sufficient for maintenance, but, as the weight was not a guide, 
one could not be quite certain that this was so. 

The animal was housed in a well ventilated room where the tempera- 
ture was just about the prevailing shade temperature, audit had acquired, 
as a result, a fairly good winter coat. 

Behaviour of the Animal. 

In each experiment recorded aU gross muscular movement was 
absent; otherwise the experiment was abandoned. All the results may, 
therefore, be taken as pertaining to a condition of minimum muscular 
activity so far as the skeletal muscles were concerned. 

On some cold, still mornings the animal appeared to be stupid and 
listless ; breathing was shallow and slow and the ventilation and metabolic 
rates were almost invariably lower than one would have expected. The 
animal brightened up, as a rule, when put into the warm chambers, and 
the metabolism was higher as a result than in the cold. This listless 
condition was especially marked from 16. xii. 22 to 16. i. 23 when the 
weather was damp and depressing. 

Polypnoea began when a temperature of 85° F. to 90° F. was reached. 
Generally, the animal was more comfortable at cold and medium tem- 
peratures than at a temperature above 80° F. 

Experimental Chambers. 

Four small rooms were employed in order to obtain the temperature 
variations. Their particulars are shown below in tabular form. 

Heating Inspired air Remarks 

Nil. Pure atmospheric — 

Central system | Vitiated by animal _ 

From room 1) during an experi- Anteroom leading 

ment to room D 

4 electric radiators' Incubator room 

The temperature in room D could be regulated to within ± 1-5° F, 
The temperatures in any of the rooms during the period the goat was 
inside rarely varied more than this. A Fahrenheit thermometer was kept 
constantly in each room, away from sources of heat. The thermometer 
was read before the animal was put into each room and just after a 
sampling period was completed. The final temperature was taken as the 
true reading unless it differed by more than ± 1-6° F. from the initial 


Temperatures 
oom obtained 

A Outside 
B 48° to 66° F. 

C Up to 71° F. 

D Up to or above 
100° F. 
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temperature, in which case the mean was taken. Wet and dry bulb 
readings were taken in room A. 

The composition of the air inspired by the goat during a sampling 
period in rooms B, C or D was arrived at by taking the mean of a large 
number of analyses of the air in each room, before and after the goat 
had been inside for an experiment. The exact proportion in which the 
two groups of analyses were to be made was arrived at by taking into 
consideration the time relations of the several events in the technique. 
Repeated analyses failed to demonstrate the presence of methane in any 
of the rooms, in which perceptible currents of air were always guarded 
against. 

Daily Procedure. 

At 8 a.m. the goat was put into room A, and at 8.45 a.m. two samples 
of expired air were withdrawn, with a two minute interval between them. 
The animal was then put into room B or C, and after an interval of 45 mins, 
two more samples were obtained. Finally, the same procedure was carried 
out after putting the animal into room D. 

The collecting periods were 6 mins, long except when the animal was 
panting, in which case the periods were from 3 to 5 mins. long. 

All the samples were measured and analysed the day they were 
obtained. Altogether nearly 200 experiments were performed. 

Establishment of a Base Line. 

All the samples of expired air were taken from the animal in the 
fasting state so that the food factor was inoperative. The temperature 
could only be fixed in the high temperature room, and, as the fixation 
of the temperature in this room would have largely defeated the object 
of the investigation, it was decided to dispense with a fixed base fine. 
It was believed, a priori, that the temperature of minimum metabohsm 
was a zone of temperature of a medium degree rather than a single 
temperature, and that if the metabolism were estimated daily at medium 
temperatures, the values so obtained would serve as a standard of com- 
parison for those obtained at low and high temperatures. 

Compilation of Data. 

When the experimental work was completed, each value for the 
metabohsm was considered in turn and compared with its partner and 
with the medium temperature values for the same day. Rejections were 
made on account of departure from the general trend of the results, or 
of doubtful behaviour on the part of the animal. Such points as the 
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respiration and ventilation rates and the r.q. were taken into considera- 
tion in deciding if the behaviour was above suspicion. 

A considerable number of low values was obtained when the animal 
was in the listless state already mentioned. The retention of these values 
for obtaining the mean results meant the averaging of a minority of the 
results, which were quite comparable amongst themselves, along with 
the remainder with which they absolutely incomparable. Thus at 
44*^ F., ten values were obtained whose average value was 35*7 calories 
per hour, while at the same temperature, four low values were obtained 
whose average was 28*6 calories per hour. It was obviously unsound to 
retain the low values. As the condition was regarded as psychic, and 
as it was very variable in its occurrence, it was decided to reject the 
corresponding results. 



Fig. 1. 

Each pair of selected values was then averaged, and the mean values 
treated as follows: 

1. A scatter diagram was plotted (Fig. 1). 

2. The temperatures, beginning with the lowest, were tabulated with 
a range of 2® on each line, and opposite the corresponding values were 
placed, care being taken to avoid overlapping. To illustrate the method 
of tabulation, the results between 66° and 72° are shown tabulated below. 
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Temp. ® F. Metabolism in calories per hour Average 

66^0 68^* 34-6, 31*51 a 

68° „ 70° 37*8, 36*7, 37*9, 38*7, 33*6 { 

70° „ 72° 39, 38*2, 34*1, 33*3, 33*6, 33*3, 36*7, 32*1 35*0 

The results on each line were then averaged. If on any line there were 
too few values to form an average, those on two or more lines were 
averaged together, and the resulting value taken as applicable to the 
mean temperature. Thus in the above table, the value 35*8 calories per 
hour is taken to be the average metabolic rate at 68° F. 



30 40 50 60 70 80 90 100 

External temperature in degrees Fahrenheit 
Fig. 3. 

A graph (Fig. 2) was plotted showing the metabolism in calories per 
hour and another (Fig. 3) showing the metabolism per kilo body weight 
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per hour. The average weekly weight was employed in obtaining the 
values for the latter graph, which were averaged in the same way as the 
others. This step was considered necessary on account of the increase 
in weight during the investigation. It was not possible in either of the 
above graphs to draw an even curve by joining up all the points; but the 
curves obtained by drawing as evenly as possible through the points 
give a very fair approximation of the course of metabolism at the various 
temperatures. 

Discussion of Results. 

Scatter diagram (Fig. 1). The points are very irregular at low and at 
high temperatures, but less so at medium temperatures. There is, 
however, evidence of a definite increase in metabolism above 85° and 
of a slight increase at temperatures below 53° compared with the meta- 
bolism at medium temperatures. It is noteworthy that between 51° 
and 86° there are no points above the line of 39'3 calories per hour. 

Calories per hour (Fig. 2). This curve shows that between 55° and 
70° the metabolism may be represented practically as a straight line. 
Below 55° there is a slight, and above 70° a pronounced, gradual increase 
in metabolism. Taking the value 34*5 calories per hour at 63° as a 
standard, the increase over this at 44° is 3*8 per cent, and at 96°, 26*9 per 
cent. 

Calories per kilo per hour (Fig. 3). This curve resembles the other 
fairly closely except that the points are on the whole more even. Taking 
the value 1*10 calories at 63° as a standard, the increase above it at 44° 
is 2*7 per cent, and at 96°, 24*5 per cent. The increase is, therefore, less 
conspicuous when reckoned per unit of weight. This curve, in which the 
weight factor is accounted for, gives a better representation of the course 
of metabolism at the different temperatures than the other. The curve 
from about 55° to about 70° is a straight line, and as the metabolism 
rises at temperatures above and below these limits, it may be concluded 
that the critical range of temperature is from 55° to 70° F. 

The r.q. 

The R.Q.’s, when averaged for every 10° F., beginning with the lowest 
temperatures, were: 

From 38° to 50° and from 60° to 60° ... ... *82 

„ 60° „ 70° „ 70° „ 80° -81 

„ 80° „ 90° „ 90° „ 98° -83 

The increased metabolism at temperatures beyond the critical zone was 

evidently brought about by a relatively greater combustion of carbo- 
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hydrate than what occurred within the critical zone. Freund and Mar- 
chand(ii) found that the blood sugar in rabbits was at a minimum at 
external temperatures of from 30° to 34° C. The changes in blood sugar 
might be explained as Barbour (12) suggests, by dilution or concentration 
of the blood. Freund and Marchand conclude that the rise in blood sugar 
obtained at low temperatures has no relation to increased combustion 
of carbohydrates; but they do not state whether this occurs at low 
temperatures. 

After comparing all the results at the cold temperatures, it was found 
that when the animal fell into the drowsy condition a low temperature 
was generally associated with a high moisture content of the atmosphere; 
but very often when these atmospheric conditions prevailed, the mental 
state of the animal appeared as bright as usual, and a high rate of meta- 
bolism was obtained. 

DISCUSSION. 

There are no known records of experiments performed to determine 
the effect of changes in the environmental temperature on the heat 
production in ruminants. Bull(i3) states that the fermentation of the 
food in these animals produces enough heat for the maintenance of the 
body temperature in cold surroundings, while Armsby(i4) believed that 
their critical temperature is low, owing to the large amount of heat 
arising from the work of digestion. The results of this investigation go 
to prove the falsity of Bull’s contention, while the theory that the work 
of digestion occasions a large heat production is no longer tenable 
(?;. Lusk (15) and others). 

The zone of critical temperature found was from 55° to 70° F., 
i.c., from 12*8° to 21*1° C. The lower limit is almost the same as the 
critical temperature for man as found by Voit (i.c.), and the upper limit 
is identical with that found for the pig by Wood and Capstick (l.c.). 
The range of temperature, however, is only a little less than that found 
by Rubner (l.c.), viz. 10° C., for a long haired dog. It is evident that the 
effect of a good protective covering for the skin is to extend the range of 
the critical temperature. 

The above findings go to strengthen the contention of Rubner and 
Voit that chemical regulation of temperature is independent of shivering 
movements, for the goat was never observed to shiver in the cold. 

In connection with the experiments, it is necessary to bear in mind 
the following particulars regarding the animal. 

(a) The animal was housed in an environment at a temperature about 
the prevailing shade temperature. Cool, outside conditions entail a higher 
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basal metabolism than warm indoor surroundings (L. Hill and others) 
{he.). It seems very probable, therefore, that if the goat had been housed 
in a medium temperature, a greater metabolic response than that found 
would have been induced by cold. 

(6) The animars dietary was just about sufficient for its requirements. 
As Eubner has shown (ic), the effect of food on the heat regulatory mech- 
anism is to lower the critical temperature towards zero, and the more 
protein the food contains the greater is its effect in this regard. It may 
be inferred, therefore, that the critical zone as found above would only 
hold good for a maintenance diet of similar composition. 

(c) The technique employed entailed the persistence in a minimised 
form of visual, auditory and other external stimuli, which, though they 
could not be entirely abolished, were rendered fairly constant by routine 
practice. The experimental conditions in this respect differed from those 
obtained by most other observers in this field by the use of chamber 
methods. These methods undoubtedly record a metabolism that is the 
nearest possible approach to the theoretical basal metabolism, but it is 
a moot point whether their results are, in a comparative sense, of any 
more value than those obtained by the Douglas-Haldane method on an 
animal submitted to exactly the same procedure day after day. 

The estimation of the critical tempeiature of the domesticated animal 
under conditions as near the natural state as possible and on a main- 
tenance diet is of greater practical interest than if conditions are intro- 
duced such as artificially heated surroundings, or starvation, that have 
no parallel in the ordinary life of the animal. As the former conditions 
prevailed, it is believed that the results of these experiments should be 
of some value for the stock farmer. 

The onset of a drowsy condition in cold, damp, depressing weather 
appears to be a provision of nature whereby an animal preserves its 
energy by limiting its dissipation. Illustrative examples are numerous 
in nature, and it may be that every animal possesses in a more or less 
marked degree, depending on its position in the phylogenetic tree, latent 
hibernating powers that are called into action only in times of stress. 
Russian peasants, in famine years, have been able to weather the winter 
with little or no means of subsistence by passing the time in almost 
uninterrupted sleep huddled together near the stove, thus conserving 
their resources (Morgu]is(i7)). A further example is the common experi- 
ence of the farmer who goes to see his cattle in the field on a cold depressing 
morning. He finds them sometimes huddled together with backs humped 
and difficult to arouse, and yet he is aware of the risk he would run by 
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setting free his stall fed animals on such a morning, a risk which is much 
less on a mild morning. The differences in behaviour appear to be due 
to the fact that the indoor animal is well fed and so has no necessity to 
husband its reserves, and is also acclimatised to a moderate temperature 
with an ill-developed coat of hair. 

It is clear that the less oxidisable material an animal has to draw upon, 
the more economically does it strive to live. Therefore the longer the 
homeothermic animal is deprived of food, the more nearly will its critical 
temperature approach the body temperature. Lefevre’s (l.c.) contention 
that the temperature of minimal metabolism is identical with the body 
temperature of the animal appears less disputable in the light of these 
considerations. 

CONCLUSIONS. 

The critical range of temperature for the goat acclimatised to the 
shade temperature in winter and on a maintenance diet is from 55° to 
70° F. As the temperature falls below 55°, metabolism exhibits a slight 
gradually increasing rise, due to the oxidations necessary to cope with 
the increasing heat loss; and, owing to the gradually increasing efforts 
of the animal to promote heat dissipation by panting, metabolism shows 
a pronounced gradual increase as the temperature rises above 70° F. 

Cold, damp and depressing weather has occasionally a psychic effect 
on the animal which falls, at times, into a torpid condition with flaccid 
muscles, shallow respirations and a low rate of metabolism. 

It is a pleasure to record my indebtedness to Dr J. B. Orr, Director 
of the Institute, for instruction in the technique, for his suggestion of 
the research and for his kindly criticism and advice. 
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STUDIES ON THE METABOLISM OF THE RUMINANT 
BY INDIRECT CALORIMETRY. 


II 

THE INFLUENCE OP PREGNANCY ON THE ENERGY 
EXCHANGE OF THE GOAT. 

By H. E. MAGEE, 

The Rowell Research Institute^ Biickshurn, Aberdeen, 

(With Five Text-figures.) 

This paper is founded on the basal metabolism values obtained during 
investigations on the influence of variations in the external temperature 
and of food on the metabolism of the goat and in addition on the basal 
values obtained in an independent investigation. When, late in pregnancy, 
the animals condition was diagnosed it was decided, owing to the 
absence of any reference in the literature to the effect of pregnancy on 
the total energy exchange of the ruminant, to collect all the available 
data for this animal and to continue to determine its basal metabolism 
daily with the object of securing a record of the course of metabolism 
during pregnancy and the puerperium. 

PREVIOUS WORK. 

There are very few records in the literature of experiments whose 
objective was the determination of the effect of pregnancy on the total 
energy exchange. The most complete study of this aspect of pregnancy 
is due to Magnus-Levy (1), who showed that the oxygen consumption 
increased in a pregnant woman from month to month. He found an 
increase of 27 per cent, in the oxygen consumption in the 9th month over 
that of the same woman non-pregnant. The increase in oxygen con- 
sumption was first noted in the 3rd month. Murlin(2) found that the 
increase in metabolism due to pregnancy in dogs is proportional to the 
weight of the offspring and also ( 3 ), that the metabolism per unit of weight 
was higher in women soon after, than just before, delivery. Cornell ( 4 ) 
determined the basal metabolism in the last month of pregnancy and 
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from 3 to 16 days post partum in 84 women and found an average increase 
of 29 per cent, over the non-pregnant rate before, and of 21*5 per cent, 
after, parturition. He quotes Baer who found an increase before delivery 
of 33 to 35 per cent, over the non-pregnant metabolic rate and of 15 per 
cent, soon after delivery. Baer concluded that the metabolism returned 
to normal 7 to 10 days post partum, Rowe and EakinG'5) found that 
metabolism rises in the last months of pregnancy. 

EXPERIMENTAL PART. 

The Animal. 

The animal gave birth to a single kid on 27. iii. 23, and the com- 
mencement of pregnancy was reckoned as 22. x. 22, by counting back 
22 weeks, the gestation period of goats, from the date of parturition. 
The animal was a primipara. The kid was removed from its mother after 
birth and the goat was milked three times daily for a while, and later, 
twice daily. In each experiment recorded, the animal was in a condition 
of minimum functional activity, i,e, all gross bodily movement was 
absent. The animal was kept in good condition by daily exercise. 

The Diet. 

From 13. xi. 22 to 20. ii. 23, a mixed diet of 2038 calories was given 
daily in one feed at noon and from 21. ii. 23 to 28. iii. 23, a mixed diet 
of 2386 calories was given in two portions at 9 a.m. and 4.45 p.m. Both 
diets were closely similar in nature. After delivery the diet was decreased 
by 344 calories owing to diminished appetite. 

During and between the sampling periods, the animal was kept in 
the same experimental room in the basement area on the north side of 
the building throughout the period of investigation. From the results 
of previous experiments (6) it was believed that the variations in external 
temperature could not, of themselves, cause changes in the metabolism 
of such magnitude as to invalidate any conclusions one might draw from 
the results. 

The Experiments. 

The technique employed has been described by Orr and Magee (7). 
The sampling periods were from 6 to 10 mins. long. Each working day, 
two or more estimations were made at least 15 hours after the last food. 
The weight was taken each morning before experiments were begun. 

Experiments were started at the beginning of the 4th week of preg- 
nancy and continued until four days before parturition. Estimations 
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were continued after delivery for five weeks. Unfortunately, it was not 
possible to obtain a complete series of results, but the data obtained, 
form, on the whole, a fairly complete record of the course of metabolism 
during pregnancy. 

Compilation of Data. 

The gestation and j)ost partum periods were divided up into weeks 
and tabulated. Opposite each week were placed the corresponding 
results which were then averaged after discarding doubtful values. Thus, 
there were obtained for each week, the average tissue heat, r.q., fer- 
mentation heat and weight. Curves were then plotted with the age of 
pregnancy in weeks as abscissae and these weekly average values as 
ordinates. 

Discussion of Results. 

The Weight (Fig. 1). The weight increases gradually from a value of 
29*4 kilos in the 4th week to one of 39*5 kilos in the 22nd week, an 



Age of pregnancy and puerperium in weeks 
Fig. I. Weight. 


increase of 10*1 kilos. In the 1st week after parturition it was 32-9 kilos, 
i.e. a drop of 6*6 kilos. It became steady in the 3rd week. 

Metabolism (Fig. 2). The tissue heat remains fairly steady until the 
13th week, when the rate is 34-0 calories per hour. In the 14th week 
it has increased to 38*6 calories per hour. From the 14th week, meta- 
bohsm continues to mount up until a maximum of 61*2 calories per hour 
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is reached in the 21st week, i.c. an increase of 50-6 per cent, over the 
average for the 13th week. In the 22nd week there is a slight fall to 
50*4 calories per hour and a big fall to 45-6 calories in the 1st week after 
delivery, i.e. a drop of 8*9 per cent, below the rate in the 22nd week. 



Fig. 2. Total metabolism. 

After an insignificant increase in the 2nd week, metabolism falls fairly 
regularly to a value of 37*7 calories per hour in the 5th week 'post partum 
when the experiments were terminated. 

Metabolism per kilo body weight (Fig. 3). In the 4th week the value is 
1*16 calories per hour, then there is a drop, which one may assume is 
gradual, to a value of 1*06 calories in the 12th and 13th weeks. These 
facts seem to indicate that the tissues of the mother are stimulated to 
increased activity by the young ovum soon after impregnation and that 
metabolism begins to fall off in intensity for a time as pregnancy advances. 
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The early increase in metabolism soon after impregnation of the ovum is 
interesting in view of the increased protein catabolism in early pregnancy 
as evidenced by a negative nitrogen balance. From the 14th week there is 
a steady upward rise with oscillations to a maximum value of 1’46 calories 
per hour in the 2nd week after delivery, i.e. an increase of 36*8 per cent, 
over the rate in the 13th week. The rate in the 21st week, 1*33 calories, 



Fig. 3. Metabolism per kilo. 

is 25*4 per cent, above that in the 13th week. The corresponding incre- 
ment in the total metabolism is 50-6 per cent., so that one might conclude 
that the increase of 50-6 per cent, in the total metabolism is half due to 
the increase in the mass of active protoplasm and half due to the stimulus 
of the products of conception on the mother’s tissues. The curve shows 
that the stimulus becomes intensified from the 14th week onwards. The 
high values in the first 3 weeks after parturition can have no other 
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meaning than that the involution of the uterus and the other reparative 
processes that follow delivery lead to increased activity of the active 
protoplasm. This interpretation is to this extent in conformity with that 
of Murlin (8) for the similar phenomenon observed in three women, but 
the big drops in the 4th and 6th weeks are against his contention that 
lactation is in part a cause of the increased metabolism, for secretion of 
milk increased instead of diminishing in the first few weeks after delivery. 

The R.Q. (Fig. 4). Until the 14th week the r.q. is so irregular that 
definite conclusions cannot be drawn from it; but there is a very slight 
downward tendency from the 16th to the 22nd week. There is a decided 
drop from a value of *81 in the 22nd week to one of *71 in the 2nd and 
3rd weeks after delivery. It then begins to rise again, but in the 5th week 



Pig, 4. Respiratory quotient. 

it is still lower than any value obtained in the ante parium period. One 
may therefore conclude that the r.q. is higher in the pregnant goat than 
in the same animal in the early weeks after delivery. Murlin (9), from 
experiments carried out by himself and Carpenter, concluded that the 
R.Q. is higher just before parturition than just after, the reason for which 
he suggests is the limited dietary permitted the human mother soon after 
delivery. 

The Fermentation Heat (Fig. 6). It is believed that the fermentation 
heat rate cannot be regarded in the fasting animal as an index of the 
rate of fermentation, since the calculation is based on the excretion of 
Journ. of Agrio. Soi. uv 34 
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methane which is effected at irregular intervals. If one looks upon the 
fermentation heat rate simply as the rate of excretion of fermentation 
gases, it affords an index of the amounts of these gases in the rumen at 
the time of the experiment from which can be deduced the relative extent 
to which fermentation proceeds in the rumen of the animal in different 
functional states. 



Fig. 5. Fermentation. Heat. 


The curve shows an upward tendency from the 4th to the 22nd week 
with wide and irregular oscillations. After a temporary drop in the 1st 
week after delivery, explainable by the fact that the animal’s appetite 
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became impaired, the rate of gaseous excretion rises steadily to a value 
at the 4th week far above any obtained during pregnancy. Then there 
is a drop in the 5th week, but the rate is still well above all the rates 
during pregnancy except that in the 21st week with which it is just about 
equal. 

These facts are interpreted as follows : 

Soon after pregnancy begins the intra-abdominal pressure increases, 
thus compelling the earlier evacuation of the rumen in the pregnant 
than in the non-pregnant animal. Fermentation is thus cut short. As 
pregnancy advances the greatly increasing pressure partially impedes the 
evacuation of the rumen, so that fermentation is relatively more com- 
plete than in early pregnancy. The low pressure ensuing after delivery 
accentuated by the lowered tone of the abdominal waUs allows the food 
to remain a longer time in the rumen, so that fermentation and gas 
production are more extensive than during pregnancy. 

The curtailment of fermentation in the pregnant animal leads to the 
oxidation of a greater proportion of metabolites from unfermented food 
than in the non-pregnant animal. From later experiments (unpublished) 
it is believed that the oxidation of the fermentation products of all foods 
and even of carbohydrates gives a r.q. much below ‘80. Therefore, the 
more extensive the fermentation, the lower will be the r.q. Hence, we 
have a reason for the slight falling off in the value of the r.q. with the 
advance of pregnancy and for the big drop that occurs after parturition. 
The fact that there was a slight rise in the r.q. in the 4th week fost parium 
when the fermentation heat was at a maximum does not at first sight 
conform with this interpretation. It is possible, however, that the r.q. 
in the 2nd and 3rd weeks is abnormally low owing to conversion of the 
nitrogenous involution products into sugar, for Lusk (lO) has shown that 
a low R.Q. is obtained during the retention in the body of carbon from 
protein for conversion into carbohydrate. 

SUMMARY. 

The total metabolism of the pregnant goat remains at a steady rate 
from the 4th to the end of the 13th week of pregnancy. It increases 
steadily from the 14th to the 21st week, when a value is attained about 
60 per cent, above the rate at the 14th week. Just before delivery the 
rate drops slightly. The increased metabolism is due partly to the increase 
in the mass of active protoplasm and partly to the stimulus exerted by 
the growing ovum on the maternal tissues. This stimulus tends to fall 

34—2 
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off slightly in intensity in early pregnancy and increases markedly in 
late pregnancy. 

Post 'partum the total metabolism drops suddenly and continues to 
fall until the end of the 5th week; but the metabolism per unit of weight 
increases steadily until the 4th week and then declines. This increased 
activity of the maternal protoplasm is due to the processes of involution 
and repair. 

In early pregnancy the increasing intra-abdominal pressure cuts 
short fermentation of food and causes the r.q. to be higher in the pregnant 
than in the non-pregnant animal. As the pressure increases it begins to 
impede sUghtly the evacuation of the rumen so that the food ferments 
more thoroughly and the r.q. falls slightly. After parturition the low 
intra-abdominal pressure aggravated by the laxity of the abdominal 
walls allows the food to remain longer in the rumen so that fermentation 
is more thorough and the r.q. lower than in late pregnancy. 

The writer gratefully acknowledges his indebtedness to Dr J. B. Orr, 
Director of the Institute, for many suggestions and advice. 
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STUDIES ON THE METABOLISM OF THE RUMINANT 
BY INDIRECT CALORIMETRY. 


Ill 

THE INFLUENCE OF WORK ON THE ENERGY 
EXCHANGE OF THE GOAT. 

By H. E. MAGEE, 

The Rowett Research Institute^ Biickshurn^ Aberdeen. 

Two objectives were in view in undertaking this research; to ascertain 
the cost in energy of muscular work in the goat and to investigate the 
adaptability of the Douglas-Haldane method of indirect calorimetry to 
work experiments on this animal. It is to the results of human experi- 
ments chiefly, that the present position of the physiology of muscular 
exercise is due which owes comparatively little to experiments on other 
animals. Zuntz and his school (i) have, however, compared the effect of 
a fixed amoimt of work on men, horses and dogs, and Lusk (2) has carried 
out some investigations into the influence of work on the dog. The prin- 
cipal obstacle hitherto in the way of employing animals other than man 
for work investigations has been the want of a sufficiently adaptable 
technique. Zuntz’s experiments on the horse were conducted by means 
of a tracheal cannula, a device that, though fairly adaptable for work 
experiments, is not always desirable. Lusk’s experiments were carried 
out in his respiration calorimeter where the applicability was very 
limited. Boothby and Sandiford(3) and Kunde(4) have carried out 
metabolic investigations on dogs by means of the Benedict apparatus, 
but here again the device is only of limited value for work experiments, 
which none of these workers have apparently yet undertaken. It was 
believed therefore that, if the proposed experiments were a success, in 
addition to possessing a certain physiological value, they would open 
up a wide field of research of great practical significance. 
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EXPERIMENTAL PART. 

The Animal. 

The animal was given a mixed diet of liberal proportions in two por- 
tions daily, at 10 a.m. and at 4.45 p.m. The diet was the same during 
the research and for 10 days before it was started. The weight remained 
steady throughout. Training was commenced 6 weeks before the 
experiments were begun and was carried out at first once, and later 
twice, daily. 

The Work. 

The work consisted in walking at two rates along the hard, smooth 
and level walk round the building, a circuit of 147 yards. The rates of 
walking were: 

Slow, 1^ minutes for the round = 98 yards per minute. 

Past, IJ minutes for the round = 117*6 yards per minute. 

The mask used in these experiments caused some distress at more 
rapid rates than the fast rate of walking and it was difiicult to induce the 
goat to travel very slowly, hence the nearness of the rates of walking. 
Except for occasional attempts to stop or to go too fast the behaviour 
of the animal was satisfactory during the investigation. 

Except on two days the weather was mild with only a gentle wind 
blowing. 

The Experiments. 

The application of the Douglas-Haldane method of indirect calori- 
metry to the goat has already been described (Orr and Magee (6)). The 
experiments were all carried out before 10 a.m. under “basal’’ conditions. 
At 8.30 a.m. two basal samples of 10 mins, each were collected with the 
goat standing quietly and at rest and immediately afterwards it was 
walked twice round the building at the slow rate. The mask and bag 
were quickly applied to the animal and tested carefully for leakage. 
Another circuit of the building was completed and then the tap of the 
bag was turned. The expired air was collected for 2 mins. Then the bag 
was unstrapped and a fresh one rapidly substituted. The goat was 
walked another f lap at the slow speed, then the tap was turned and 
another 2-minute sample obtained. The four bags of air were then 
measured and samples obtained from each during which time the goat 
was resting in a quiet place. Then two samples at the fast rate were 
obtained as above. These were measured, samples taken from each, 
and all six samples analysed. 



H. E. Magee 


627 


About 20 results in each series (resting, slow and fast rates) were 
obtained. These were tabulated as below and averaged, use being made 
of the principles laid down by Gephart, Du Bois and Lusk ( 6 ). 


Metabolism in 

Metabolism in 

Metabolism in 

calories per hour. 

calories per hour. 

calories per hour, 

standing 

slow 

rate 

fast 

rate 

48-0 

527 

252-5 

263-6 

307-0 



67-6 

454 

268-2 

276-5 

282-1 

304-1 

60-9 

— 

251-2 

288-7* 

271-2 

306-1 

62-6 

— 

254-2 

236-2 

295-9 

299-8 

46-7 

45-3 

245-2 

253-3 

293-4 

318-0 

46-6 

473 

243-1 

251-4 

275-2 

321-9 

490 

44- 1 

253-2 

199-1* 

261-6 

287-0 

44-6 

44.4 

235-1 

243-7 

293-0 

307-2 

45-3 

43-4 

205-3* 

217-9* 

287-4 

283-0 

47-3 

— 

244-9 

243-2 

276-1 

293-3 

41-3 

43-6 

257-6 

222-7 

262-3 

264-1 


Average 46-7 249-8 291-2 

* = rejection. 

The values for the b.q. and fermentation heat were compiled similarly, 
except that the above method of averaging, being superfluous, was 
dispensed with in the case of the r.q. ; and as the fermentation heat values 
were extremely variable the principles could not be applied to them. 


Discussion of Results. 


Tissue Heat, The average values for the tissue heat are : 

Rest: 45' 7 calories per hour. 

Slow rate : 249-8 calories per hour, increase due to work = 204-1 calories. 

= 446-6 percent. 

Fast rate: 291-2 calories per hour, increase due to work = 245-5 calories. 

— 537-2 per cent. 

Fast rate 117-6 _ - ^ 

Slow rate 98 

Excess metabolism due to work (fast) _ 245-5 _ j 9 
Excess metabolism due to work (slow) 204-1 

Therefore, at the above rates of progression, the excess metabob'sm 
due to a fixed amount of work varies directly as the rate at which it is 
performed. In other words the cost of moving a given mass through 
unit distance at the rates studied is the same. 

Cathcart et aliail) came to the conclusion that a sufficiency of indi- 
vidual experiments over a sufficiently wide range of speeds have not 
been carried out to enable one to express in quantitative form a general 
physiological law governing the relation between work and the rate of 
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its performance. Cathcart and Orr (8) have criticised the work of Zunte 
and Schumburg who put forward the view that the cost of performing 
a fixed amount of work increased directly with the velocity of perform- 
ance. It is to be inferred, however, from the discussion of the former 
observers (p. 66) that there is an optimum economical rate of progression 
which they found for one subject under constant load to be 88*38 yards 
per minute. This view is in accordance with that of Frentzel and Reach 
arrived at from work carried out in Zuntz’s laboratory. 

In the present investigation since the costs of moving the same mass 
of body substance through unit distance at 98 and 117-6 yards per 
minute were found to be the same, it might be concluded that the optimum 
rate of progression for the goat lies somewhere between these rates. 

It is interesting to compare the cost of muscular work in man and 
in the goat. Cathcart and Orr (J.c.) found that the average rate of meta- 
bolism for subject M ‘^standing at ease’’ was 74*1 calories per hour 
(p. 16). The rates for the same subject marching with a load of 6 kilos 
were, at 100 yards per minute 318 calories, and at 120 yards per minute 
416*8 calories per hour (pp. 46 and 46), Le. an increase of 329 per cent, 
and 461 per cent, respectively over the standing metabolism. These 
rates of marching approximate closely to those employed in the present 
study and for this reason the two groups of results can be compared. 
Below, a comparison is made in tabular form. 

Percentage increase 

Rate of marching over standing metabolism 

Man 

100 yards per minute 329 

120 „ 461 

Ooat 

98 yards per minute 447 

117*6 „ 637 

Evidently, then, the cost of progression at similar rates is more costly 
in the quadruped than in the biped. This can be accounted for in one 
or other or both of the following ways: 

(1) The quadruped brings into action a relatively greater mass of 
muscular tissue than does the biped in walking. 

(2) The biped has a relatively greater expenditure of energy in the 
standing position than has the quadruped on account of its less secure 
base of support. If this were so it would make the increment due to 
work appear relatively less than in the case of the quadruped, when 
comparison is made with the standing metabolism. To settle the question 
definitely it would be essential to compare the metabolism in both types 
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of animals in the lying and standing positions and during work. Un- 
fortunately, no data were obtained for the goat used in this research 
in the lying position; but results have been published (Orr and Magee, 
lx.) for another animal which go to prove that the cost of standing is 
similar in the biped and quadruped. One may conclude, therefore, that 
the relatively greater cost of walking in the goat as compared with that 
in man is due to the operation of a correspondingly greater mass of 
muscular tissue. 

The R.Q. 

The average r.q.’s are: 

Rest Slow rate Fast rate 

•78 *82 -84 

These figures show that the R.Q. rises with increase in the velocity of 
performance of a fixed amount of work. Krogh and Lindhard(9) have 
shown that on transition from rest to work a resting r.q. below *80 is 
raised and one above *90 is lowered while one between *80 and *90 is 
not altered. Hill and Lupton(iO) state that moderate and steady work 
results in a r.q. approaching unity while severe work gives a r.q. above 
unity. 

The above results seem to fall into line with the findings of both 
groups of workers; but as their experiments were directed towards a 
solution of the mechanism of cell energetics and as their explanations of 
the phenomena are different, further discussion is irrelevant. 

The Fermervtaiion Heat. 

The average fermentation heat values are in calories per hour, 

R«8t Slow rate Fast rate 

2*66 4-04 3-61 

The figures for the work experiments were extremely variable. The 
maximum and minimum values were, slow rate 10*64 and 0*90 calories 
per hour respectively, fast rate 9*17 and 1*03 calories. All the values 
were averaged indiscriminately. The wide variations are undoubtedly 
due to the effects of the exertion and to the fact that the collecting 
periods were of very short duration, 2 minutes. It has been observed 
repeatedly that the shorter the periods of sampling the more uneven 
will be the estimated rates of excretion of fermentation gases of which 
the calculated fermentation heat is a measure and not, in a strict sense, 
of the rate of fermentation in the rumen. It is therefore believed that 
the above averages are approximately a measure of the rates of gaseous 
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excretion in the three functional states of the animal. They show that 
exercise increases the rate of gaseous excretion from the rumen, which, 
as the work is prolonged, begins to decline owing to the relatively large 
amounts of gas eructated in the early stages of the work. It is possible, 
too, that the exertion leads to evacuation of food from the rumen and 
thus cuts off the source of the gases soon after commencement of the 
exercise. 


CONCLUSIONS. 

1. The cost of forward progression in the goat is relatively greater 
than in man because a relatively greater mass of muscle is brought into 
play by the former in the movements associated with walking. 

2. Work raises a previously low resting r.q. and increase in the rate 
of work raises it still higher. 

3. Work causes an increase in the rate of excretion of fermentation 
gases which declines as the work is prolonged. 

4. The Douglas- Haldane method of indirect calorimetry is a reliable 
means of estimating the energy expenditure of the goat during muscular 
work. 

My sincere thanks are due to Dr J. B. Orr, Director of the Institute, 
for advice and suggestions. 


REFERENCES. 

(1) ZuNTZ, Frentzel and Reach. Cited by Lusk, Science of Nutrition, p. 326, 1919. 

(2) Lusk. Ibid. p. 312. 

(3) Boothby and Sandieord. Amer. Joum. Physiol. 66, 1923. 

(4) Kundb. Amer. Joum. Physiol. 69, 448. 

(5) Orr and Magee. Journ. Agric. Sci. 13, 1923. 

(6) Gbphart, Du Bois and Lusk. Journ. Biol. Chem. 27, 1916. 

(7) Cathcart, Lothian and Greenwood. Journ. of the R.A.M.C. April, 1920. 

(8) Cathoart and Orr. Energy Expenditure of Infantry Recruit. H.M. Stationery 

Office, p. 56, 1919. 

(9) Krogh and Lindhard. Biochem. Joum. 14, 1920. 

(10) Hill and Lupton. Quart. Journ. Med. 16, 1923. 


(Received February 1924.) 



THE INFLUENCE OF THE ADMINISTRATION OF 
CERTAIN OILS ON THE NUTRITIVE VALUE 
OF THE BUTTER FAT OF COWS ON 
WINTER RATIONS. 

By jack CECIL DRUMMOND, HAROLD JOHN CHANNON* 
AND KATHARINE HOPE COWARD*, 

From the Biochemical Department y Institute of Physiology, 
University College, London; 

JOHN GOLDING and JAMES MACKINTOSH, 

From the National Institute for Dairy Research, Reading; 

AND SYLVESTER SOLOMON ZILVA, 

From the Biochemical Department, Lister Institute, Loyidon. 

(With Seven Text-figures.) 

The work described in this paper was planned in order to obtain further 
and more exact information than had been obtained in an experiment 
carried out during the previous year on the same subject and reported 
in this journal by Drummond, Coward, Golding, Mackintosh and Zilva 
(1923). In this paper, additional confirmation was presented in support 
of the relationship between the presence of vitamin A in the milk and 
its supply in the food, and it was shown that the characteristic decline 
in the concentration of vitamin A in the milk fat which tends to occur 
during the winter feeding of cows on the customary ration of roots, hay 
and concentrates may be prevented by the administration of relatively 
small doses of cod liver oil. As stated in that communication, further 
experiments appeared to be desirable. One point open to criticism was 
that the samples of butter examined were made from the mixed milks 
of groups of cows. An illustration of how this could lead to a disturbance 
of the course of the experiment was described in that paper, when it was 
shown that the dechne of the vitamin A concentration of the mixed milk 
of the groups was not only arrested, but temporarily converted into a 
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sharp rise, by the inclusion in one group at that stage of the test of an 
animal which had recently calved. It was with this and other points in 
view, that we decided to carry out a similar experiment, in which the 
butter made from the milk of individual cows, was to be studied. In 
this way an explanation of any individual result which differed materially 
from the general result, might be sought for in the past history, etc., of 
the animal concerned. There can be no question that the best manner to 
carry out such an experiment as this is to test the milks rather than 
the butters. Unfortunately, the difficulties of ensuring fresh supplies 
of milk from Reading, where the feeding experiments were made, to 
the laboratory at University College, where the vitamin A testing was 
done, were so great, that after careful consideration it was decided to 
examine the butters instead. In the new experiment, it was decided to 
make the control of the composition of the rations of the cows very much 
more complete than had been done in the previous year, particularly 
as it was intended to make the experiment serve not only to provide 
information on the practical question of cod liver oil administration to 
milch cows, but also to yield evidence regarding the chemical composition 
of butter fat from cows on different diets. For this reason, a basal ration 
of roots, hay and concentrates was chosen so as to be not only as free 
from vitamin A as possible, but also of very low fat content. 

Details of the cows used. 

The cows chosen for the experiment were dairy shorthorns selected 
from the herd of the National Institute for Research in Dairying at 
Reading. 

Table 1. 

No. of calf Last calved 

Lily 1 17. xi. 22 

Lucy 1 4. xii. 22 

Scarlet 3 8. xi. 22 

Pillpail II 7 6. i. 23 

All the cows had recently calved; hence it was probable in the light 
of the previous year’s experience that any effect due to storage of 
vitamin A by the animals, would be similar in all cases. The cows were 
placed in well-lighted stalls at various times between the middle of 
December and the beginning of January and were given the basal diet 
up to February 26th. 


Condition 

Fairly good 
Good 
»» 

Fairly good 
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Composition op the Basal Diet. 

The basal diet consisted of mangolds, hay and concentrates, the 
latter made up of equal parts of maize gluten feed, crushed wheat and 
soya bean meal, the last having been commercially fat-extracted. The 
daily ration of each cow varied httle from 

Mangolds 60 lbs. 

Hay 15 „ 

Concentrates 9 „ 

Full details of this are given in Table II. 

(1) Fat Intake on the Basal Diet. 

The percentage of ether-soluble matter in the foods was : 

% dry weight 

Mangold ... 01 

Hay 2*2 

Maize gluten feed 2-2 
Soya bean meal 1*2 
Crushed wheat ... 1*7 

A half day’s ration after careful drying and powdering was fat-extracted 
in a large Soxhlet extractor and yielded 66 gms. of heavy green oil 
having a saponification value of 169‘5, iodine value 118*4, and containing 
18*75 per cent, unsaponifiable matter. This would give an average daily 
intake of ether-soluble matter of approximately 132 gms. of which just 
over 100 gms. or about 4 ozs. can be regarded as saponifiable matter. 

(2) Vitamin A content of the Constituents of the Diet. 

(a) Mangolds, Steenbock and Gross (1919) reported failure to obtain 
growth in rats on a diet containing 25 per cent, of dried mangolds as the 
only source of vitamin A. Apparently this experiment has never been 
repeated. Certain results obtained by the present writers in a previous 
experiment on the influence of diet on the vitamin content of butter 
suggested the possibility that different varieties of mangolds might 
contain different quantities of vitamin A. Accordingly, four varieties 
of mangolds. Golden Globe, Intermediate, Long Red, and Golden 
Tankard, and one of swedes, were tested in quantities of 1 gm. fresh 
material per rat per day. This was about 10 per cent, of the diet and 
resulted in complete failure to promote growth (Fig. la). This work was 
carried out on mangolds in an immature condition in August. 

In view of the belief of farmers that mangolds have higher feeding 
values in early spring than they have immediately after pulling in 
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early winter, and in order to test a larger dosage, the Golden Tankard 
mangolds were chopped up very coarsely in the early part of the year, 
partially dried at 37"^ C., in air and then more completely in vacuum 
at 60® C., and ground up to a fine powder. This powder was tested as 
20 per cent, of the diet and yet failed to produce growth (Fig. 16). 

The fact that mangolds grow with their roots often half out of the 
ground and that the surface of the root exposed to the light is often 
greenish yellow, suggested the possibility of the formation of some 
vitamin A in this region (Coward, 1923). Three varieties of mangold were 
tested for this point in November (Fig. 2a). A thin layer (1 sq. inch by 
^ in.) of the upper surface was given to each rat per day. The Golden 
Tankard failed to give growth in this dosage, but the Intermediate 
Yellow Globe gave fairly good growth. The test was repeated the 
following March with samples of the same crops which had in the 
meantime been stored under the ordinary conditions of the farm. In 
this test the Golden Tankard was slightly active, the Yellow Globe 
inactive, and the Intermediate still active (Fig. 26). Thus it would appear 
that mangolds, given whole to cattle may be a source of vitamin A, 
but the quantity obtained in this way must be very small indeed when 
the surface containing the vitamin A is compared with the whole bulk 
of the mangold which appears to be inactive. 

(6) Hay, McCollum, Simmonds and Pitz (1916, 1) report the in- 
adequacy of hay in growth-promoting factors, but it is uncertain from 
their data whether the fat-soluble or water-soluble vitamin was the 
limiting factor. Osborne and Mendel (1919) tested alfalfa, clover and 
timothy definitely for vitamin A. Their material was growing vigorously 
when cut’' and was dried at 50-60® C. The doses used were about 1 gm. 
of dried material daily per rat which appeared to Osborne and Mendel 
to be distinctly more than was necessary. Later (1920), they stated that 
a u.s.p. ether extract of leaves dried at 60® C. and given to rats in quan- 
tities equivalent to 1-2 gms. of the dried plant was sufficient to promote 
growth. Hart, Steenbock, Hoppert and Bethke (1922, 1) report a positive 
calcium balance in cows fed partly on alfalfa hay. Later (1922, 2), they 
report a negative calcium balance where timothy hay was used, and 
when this was replaced by alfalfa hay, a somewhat mitigated, though 
still negative, balance continued. On investigation it was found that the 
more beneficial hay had been “cured under caps,” whereas the other 
had been “cured in the windrow with exposure to air and light for four 
days.” Hart does not assume that the fat-soluble vitamin and the \dta- 
min of plant tissue affecting calcium assimilation are identical, but rather 
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hesitatingly compares the low vitamin content of oat straw and its low 
power of increasing calcium assimilation with the much higher potency 
of the green straw found by Steenbock and Hart (1913). He also recalls 
his finding that ‘‘ oat hay dried out of direct sunlight but in a fairly well- 
lighted attic appeared to retain the properties of fresh green oats (1921). 



We have confirmed the observations of these investigators that 
samples of hay may show very different vitamin A values. As will be 
described later the early stages of this year’s experiment were much 
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disturbed by the fact that the sample of hay we were using was a good 
quality of fairly fresh meadow hay, consisting chiefly of perennial rye- 
grass and other bottom grasses with a small percentage of leguminous 
plants. As soon as we detected the influence that this component was 
having in maintaining the vitamin A value of the milk fat, it was changed 



for a seeds hay, much drier and more brown than the meadow hay used 
up to that time. Almost at once the vitamin A value of the butter fell. 
We think it very probable therefore, that good quality meadow hays 
which have been prepared under conditions which preserve to some 
extent the green colour of the constituent plants, may be most valuable 
Joum. of Agrio. Soi. xiv 36 
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foodstuffs for cows during winter feeding and superior to the very dry 
brown hays. Curves are given in Fig. 3 showing the results of the feeding 
of meadow and seeds hays to rats. 



Fig 3. 

(c) The sample of soya bean meal used in our experiment was not 
tested by feeding experiments on rats. It may have contained traces of 
vitamin A even though it had been fat-extracted, for Osborne and 
Mendel (1917) from experiments in which they used soya bean meal as 
50 per cent, of a diet given to rats conclude that ‘'the soya bean contains 
some of the fat-soluble vitamin.’’ It is to be pointed out, however, that 
the meal used by these workers contained 14-20 per cent. fat. This finding 
was confirmed by Drummond and Zilva (1922), who found that soya 
bean oil, even when fed to rats in relatively large doses, gave only very 
slight growth. As the original beans also were poor in this factor it may 
be concluded that the soya bean cake used in the cow-feeding experi- 
ment contained only very small quantities of the vitamin. 

{d) Wheat, McCollum, Simmonds and Pitz (1916, 2) have shown that 
wheat embryo contains small quantities of vitamin A; hence the addition 
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of 3 lbs. of whole wheat in the diet would supply small but definite 
quantities of this factor. 

(e) Maize gluten feed. The method of preparation of maize gluten 
feed renders it unlikely that it contains more than traces of vitamin A, 
even if prepared from the yellow variety which is known to contain 



appreciable quantities. We have no information of the source of the 
sample used in our experiment. 

(/) The oils, (i) Cod liver oil. The oil used was a clear yellow oil, 

36—2 
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a daily dose of 5-7 mgms. of which restored growth to rats on a diet 
deficient in vitamin A. 

(ii) Arachis oil. It was shown by Drummond and Zilva (1922) that 
arachis oil contains a small amount of the fat-soluble factor. Curves are 
given in Fig. 4 showing the effect of giving a diet containing 10 per cent, 
of this oil corresponding to a daily dose of about 1*0 gm. to rats, and the 
oil must have provided the cows with some vitamin A, although the 
amount given in the whole of period 2 (9*5 lbs. in all) was a very low 
percentage of the diet. 

(iii) Coconut oil. Fig. 4 shows that coconut oil gave doubtful growth 
in rats even in a 10 per cent, diet (i.e. daily dose, 1 gm.), and the amount 
of vitamin A supplied to the animals in our experiment in this form must 
have been extremely small. 

Progress of the Experiment. 

Throughout the experiment, until the final period of grass feeding, 
the cows were kept in stall, being only allowed out for a period of about 
16 minutes every morning into a clean yard. Records of milk yield were 
made at both morning and evening milkings, and samples of both milks 
were submitted for determinations of specific gravity and fat, total solids 
being calculated. The food consumption of each cow was measured daily, 
and close observation of the general conditions of the animals was 
maintained. 

The duration of the experiment can conveniently be divided into five 
main periods : 

Period Dates Diet 

1 12. xii. 22 to 26. ii. 23 Basal diet: concentrates 

roots 

vneadow hay 

2 27. ii. 23 to 14. iii. 23 Basal diet: as above and daily 

doses of coconut or 
arachis oil 

3 16. iii. 23 to 16. iv. 23 Basal diet: concentrates 

roots 
seeds hay 

4 17. iv. 23 to 17. v. 23 Basal diet plus cod liver oil 

6 18. V. 23 to 11. vii. 23 Pasture. Scarlet” received 

further cod liver oil 
for 17 days 

Unfortunately in the early stages of Period 2 one of the cows — 
Fillpail — receiving coconut oil died suddenly. Efforts to determine the 
cause of death were unsuccessful; the other cow receiving coconut oil — 
Scarlet — ^lost her appetite towards the end of this period; she recovered 
rapidly after the end of the coconut oil period. The results from the 
butter fat from Fillpail have been omitted in this paper. 
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Method of Administering the Oils. 

The oils were given in amounts beginning at 2 ozs. per day and rising 
to 8 ozs. as the cows became accustomed to them. During the oil periods, 
the total weights of oil given to each cow in lbs. was : 

Period 2 (27. ii. to 14. iii.) Period 4 (17. iv. to 17. v.) 



Lily 

Lucy 

Scarlet 

Lily 

Luc> 

Scarlet 

Arachis oil 

9*5 

9*5 









Coconut oil 

— 



9*5 







Cod liver oil 


— 

— 

10*75 

10-76 

10*75 


The oils were given at first at the morning feed only, but later when 
larger doses were being administered, at both morning and evening 
feeds. They were mixed with the concentrates and were readily taken by 
the cows. 

The food consumption of the cows was satisfactory throughout the 
experiment. Such small variations were encountered in the amount of 
food eaten that the average figures for each period may be accepted as 
representing the daily intake. 

Table II. Average daily diet in lbs. during the various periods. 

Period Date Diet Lily Lucy Scarlet Remarks 

1 12. xii. to 26. ii. Mangolds 52-7 51*6 50-5 — 

Meadow hay 15-9 15-7 10 0 

Concentrates 9*1 IM 11*2 

2 27. ii. to 14. iii. Mangolds 60 58 58 Lily and Lucy received 

Meadow hay 15 15 15 arachis oil. Scarlet 

Concentrates 9 12 8-4 )nut oil 

3 15. iii. to 16. iv. Mangolds 60 60 60 — 

Seeds hay 15 15 15 

Concentrates 7*6 12 8*3 

4 17. iv. to 17. V. Mangolds 60 60 60 All cows received cod 

SeecU hay 15 15 15 liver oil 

Concentrates 8 12 8 

In the final period (Period 5), all three cows were let out to pasture 
which was in very good condition. The administration of cod liver oil 
was discontinued except in the case of Scarlet who continued to receive 
further amounts. 

Results. 

(1) Yield of milk and milk fat. Daily records of these values were 
carefully taken, but for purposes of simplifying the charts by eliminating 
minor fluctuations, we give in Pig. 5 curves showing the average daily 
weight of milk and fat, and the fat percentage for each cow over periods 
of one week. In general it may be said that the curves given in Fig. 5 
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resemble the lactation curves of normal animals, but there is, in the case 
of all three cows, a definite fall in the percentage of fat during the period 
in which supplements of cod liver oil were given. This fall is promptly 


Basal Oil Seeds hay Cod liver oil Grass 



Fig. 6. 

made good as soon as the cows were put out to grass in Period 6, even in 
the case of Scarlet who received cod liver oil for a time after she had been 
put out to pasture. We are not prepared at this stage of our enquiries 
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to give an opinion on the fall in the fat content of the milk during the 
cod liver oil period. It would appear to be of an order definitely greater 
than that which may occur during the later stages of lactation, and further 
experiments will be necessary in order to determine whether cod liver 
oil in relatively large doses can exert an inhibitive action on the amount 
of milk fat formed. No such effect was noticed in last year’s experiment 
already reported in this Journal, but in those cases smaller doses of 
J-4 ozs. were given. It will be recalled that in Hopkins’ experiment on 
goats, the supplementing of a ration of mixed cereals, hay and mangolds, 
with green food, caused a bigger secretion of milk, but did not influence 
the proportion of total solids or fat (1920). 

(2) Quality of the milks and butters. All the samples of milk from 
which the butters were made, were closely observed during churning. 
No sample of milk was found to possess a “fishy” flavour, but consider- 
able abnormahties were noticed in certain samples during butter-making. 
This refers particularly to the butters yielded during Period 2, in which 
coconut and arachis oils were being administered to the cows. Butters 
of very low melting point were encountered during this, and in such 
cases, the churning presented difficulties. The prepared butters were 
entirely free from “fishy” flavour, even when the cows were receiving 
8 ozs. (227 gms.) of cod liver oil daily. During the periods of oil feeding, 
however, certain of the butter samples tended to be a little oily, but this 
was chiefly when the animals were receiving the vegetable oils in Period 2. 

The chemical examination of the butters was made in order to ascer- 
tain, how, under the carefully controUed conditions of this experiment, 
the composition was affected by the oil feeding. The results are forming 
the subject of a separate communication (in the press: to appear in 
The Analyst), but they may be summed up as follows: 

(а) Arachis and coconut oils. No marked effect on the composition 
of the butter fat occurred during the period when these oils were given 
to the cows, but the melting points of two samples from the animals 
receiving arachis oil fell as low as 14*5 and 2V C., and the refractive 
indices showed a distinct rise. 

(б) Cod liver oil. All the analytical constants showed abnormalities 
in the butters during the cod liver oil period, possibly because this oil 
was given for a considerably greater length of time. The iodine values 
rose to figures over 50, and the refractive indices showed a corresponding 
increase, reaching 1*4560. The saponification values fell to about 220, 
and the amount of water-soluble fatty acids decreased in proportion. 
The cod liver oil did not exert any marked effect on the melting points 
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of the butter-fats. It is interesting to note that these values did not 
return to their normal levels even after the cows had been out at grass 
for a period of 8 weeks. 

(3) Pigmentation of the butters. The depths of colour of the various 
butter-fats were studied by comparing a tube of the melted fat with 
a set of arbitrary standards made from colourless liquid paraffin coloured 
with a fat-soluble yellow dye used for the artificial colouring of margarine. 


Basal diet Oil Seeds hay Cod liver oil Grass 



Vitamin activity. 



Fig. 7. Ordinates give the daily dosage of butter necessary to restore normal growth 
to rats on a diet deficient in vitamin A. 


It is shown in Fig. 6 that the decrease in pigment was very gradual, and 
did not reach its lowest values until the beginning of the first oil period. 
It remained constant until the end of the cod liver oil period, during 
which time the butters were almost white. On turning the cows out to 
grass, the rate of recovery in pigment value corresponded very closely 
to its previous fall. 

(4) Vitamin content of the butters. The vitamin A content of the 
butters was determined in the usual way by feeding experiments on 
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rats. The fluctuations in the vitamin value of the butters from the milk 
of each cow throughout the experiment are shown in Pig. 7. It will be 
seen that the activity of the butters showed no decrease on the basal diet 
even after 10 weeks, the daily dosage necessary to produce normal growth 
in rats being about 0*3 gm. From the work carried out in the previous 
experiment, it had been expected that the vitamin activity would have 
rapidly decreased. The reason for its failure to do so, was, as remarked 
earlier, found to be due to the relatively high vitamin content of the 
meadow hay, in the basal diet. On substituting for this meadow hay a 
brown seeds hay, the vitamin value of the butter decreased to such an 
extent that it required 1-0 gm. of it as a daily supplement to a vitamin- 
deficient diet to restore normal growth in rats. At this point, adminis- 
tration of cod liver oil was begun, and in three weeks the vitamin content 
of the butter rose rapidly, and the supplement which would cause 
resumption of growth in rats had become as low as 0*2 gm. Within a 
further fortnight, this value had decreased to 0*1 gm. The cause of the 
wide variations in Scarlet’s butters, in the first two periods, has not been 
ascertained. Otherwise, the close parallel between the results of the 
tests is most striking, and relieves us of any anxiety as to the reliability 
of the results described last year, in which samples of butter from mixed 
milks had been used. 


Discussion. 

In all essential points the results of this experiment confirm those 
which we described in this Journal last year. It would appear definitely 
established now, that on a winter ration of concentrates, roots and hay, 
the vitamin A content of butter from the milk of cows in stall tends to 
fall. The composition of this winter feed, as Kennedy and Dutcher pointed 
out in 1922, may be such that the fall of vitamin A value in the milk 
is almost negligible. This is also seen in the first period of our experiment 
in which, by ingesting a liberal amount of fresh green meadow hay, the 
animals were able to maintain the vitamin concentration of their milks 
almost at summer level. When, however, a dry brown seeds hay was 
substituted for the superior green fodder, the characteristic fall in the 
nutritive value of the butter immediately occurred. This again emphasises 
the importance of controlling by rat-feeding experiments the vitamin 
value of all the components of a diet in an experiment of this type. 
Further, these results provide support for the opinion of Kennedy and 
Dutcher that a milk rich in vitamins is not necessarily correlated with 
access to pasturage. 
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There can be no doubt that the administration of cod liver oil in 
doses up to 4 ozs. daily will guard against a falling of the amount of 
vitamin A in the milk, and that larger doses will proportionately raise 
the Adtamin value of that product. In view of our results, however, it 
would be wise not to recommend the higher dosages of this oil in the 
winter feeding of cows until it has been ascertained whether or not the 
decrease in the percentage of fat in the milk during the cod liver oil period 
(4) is attributable to the oil itself or to other factors. 

Summary. 

(1) Further experiments are described, the results of which support 
the relationship between the presence of vitamin A in the diet of the 
cow and its presence in milk fat. 

(2) The typical winter ration of concentrates, roots and hay may be 
adequate to maintain the vitamin A value of the milk fat for considerable 
periods provided that at least one of the components supplies adequate 
amounts of that dietary principle. Well cured green meadow hays are in 
this respect greatly superior to dry brown seeds hays. 

(3) The addition of cod liver oil to a winter ration deficient in 
vitamin A will induce a sharp rise in the vitamin A value of the milk fat 
of cows. No such effect is seen when oils deficient in this dietary factor 
(coconut oil, arachis oil) are given. 

(4) The administration of cod liver oil in doses from 1 to 8 ozs. daily 
to milking cows caused no “fishy’’ taint in the milk or butter-fat. 

(5) The administration of cod liver oil caused no appreciable change 
in the yield of milk but the higher doses appeared to cause a noticeable 
drop in the percentage of fat. Further experiments are required to throw 
more light on this observation. 

In conclusion we would like to express our thanks to the Medical 
Research Council for a grant from which the expenses of this investiga- 
tion were taken. We also wish to convey our appreciation of the kindness 
of Mr E. Robson of the British Oil and Cake Mills, Ltd., of Hull for 
placing at our disposal supplies of extracted soya bean meal, and to the 
staff of the British Dairy Institute for their valuable help. 
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A NEW METHOD FOR THE DETERMINATION OP 
AMMONIACAL NITROGEN IN SOILS. 

By W. McLEAN and G. W. ROBINSON. 

University College of North Wales, Bangor. 

The aeration method of Matthews (i) is generally recommended in this 
country for the determination of ammoniacal nitrogen in soils. Whilst 
that method is satisfactory in laboratories possessing a good water supply, 
it is somewhat precarious in laboratories where, as at Bangor, the water 
pressure is badly maintained. In our own experience of the aeration 
method, a considerable proportion of determinations are spoilt owing to 
changes in water pressure. In the case of fine-textured soils, failure in 
the aspiration of the air current leads to blocking up of the tube and 
aeration cannot again be started. 

An attempt was, accordingly, made to devise a method suitable for 
routine work under conditions where a satisfactory supply of water is 
not available. It occurred to the authors that any ammonium present 
in the soil should be in a zeolitic or exchangeable state analogous to the 
exchangeable bases estimated by the Hissink leaching method (2). The 
work of Gedroiz (3) and of Hissink has rendered probable the existence in 
soils of a definite content of exchangeable bases. If there is also a definite 
content of exchangeable ammonium it should be quantitatively displaced 
by the leaching process used in the Hissink method for the determination 
of exchangeable bases. In other words, the Hissink method should be 
applicable to ammonium as well as to calcium, magnesium, potassium 
and sodium. 

This has been investigated at Bangor during the past year. A number 
of soils of different character have been submitted to leaching by the 
Hissink method, using sodium chloride solution, and ammonium has 
been determined in the filtrates obtained. The results have been compared 
with those for the same soils by the aeration method. 

Experimental. 

In the earlier experiments, sodium hydroxide was used to liberate the 
ammonia from the leachings. The results shown below for a soil from 
the college farm give an idea of the figures obtained. 
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Aeration method gave 54 parts per million ammoniacal N. 

Leaching method, using normal sodium chloride solution^ gave: in 
Ist half litre, 68*3 parts per million N; in 2nd half litre, 11*2 parts per 
million N ; in 3rd half litre, 3*3 parts per million N. 

These are typical of a large number of experiments in which it was 
found that the first half litre gave higher results than the aeration method 
and that appreciable, though smaller, quantities were obtained in subse- 
quent washings. This suggested that the treatment with sodium hydroxide 
liberated small quantities of non-ammoniacal compounds decomposable 
by sodium hydroxide. It was therefore decided, in all subsequent experi- 
ments, to use magnesium oxide for the liberation of ammonia. The 
figures with sodium hydroxide may, however, be of some significance 
as representing a certain level of nitrogen availability. 

Method Adopted. 

It will probably be simpler, before discussing the effect of certain 
variations in working details, to give an account of the method as finally 
adopted. 

Twenty-five grams of soil, from which material coarser than 3 mm. 
has been removed, are weighed out into a 400 c.c. beaker. About 100 c.c. 
of cold normal sodium chloride solution are then added. The contents 
of the beaker are stirred at intervals for a few minutes until the soil is 
thoroughly moistened, and allowed to stand for about half an hour. The 
clear supernatant liquid is poured ontoa large (18-5 cm.) filter from which 
the filtrate is collected in a litre Pyrex flask. The soil is washed again 
with sodium chloride by decantation and the contents of the beaker 
finally transferred to the filter. Washing with sodium chloride is carried 
on until half a litre of filtrate has been collected. It will be noticed that 
the leaching is carried out entirely in the cold. The filtrate is then directly 
distilled with excess of magnesium oxide into a measured quantity (10 to 
15 c.c.) of N/50 sulphuric acid. After distilling for about half an hour 
during which about 150 c.c. of distillate have been collected, the excess 
of acid is titrated with iV/50 sodium hydroxide. Methyl red may be used 
for indicator as in the Matthews method. We have, however, found that 
B. D. H. Universal Indicator gives a much sharper end point. The 
titration should be carried to a distinct blue. Using 25 grams of soil, 
titration to 0-05 c.c. gives an accuracy of -56 part per million of nitrogen. 

The reagents used were of analytical quality and blank estimations 
were carried out from time to time as a check. 

In some cases 250 c.c. of 15 per cent, sodium chloride were used 
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instead of 500 c.c. of the normal solution. In the case of soils containing 
high proj^rtions, say over 50 parts per million of ammoniacal nitrogen, 
a second half litre of leachings should be collected if normal sodium 
chloride is used, or 500 c.c. of 15 per cent, solution may be used instead. 

As a rule six determinations are started at once. With two distilla- 
tion apparatuses, the six can be completed within 24 hours. 

Effect op Variations in Working Conditions. 

We shall now proceed to give an account of the effect of certain 
variations in the working conditions. 

(a) Successive Leachings, The following table shows the results of 
determinations of ammoniacal nitrogen made on successive leachings. 
Normal sodium chloride solution was used in all cases except in the case 
of the Cedar Hill soil, where 10 per cent, solution was used. 


Table I. Ammoniacal nitrogen in successive leachings. 
(Parts per million.) 

Leaching method 


Soil 


Aeration method 

1st 500 c.c. 

2nd 500 c.o. 

A 77 A 


3L7 

(31-7 

(31-7 

4.4 

4.4 

Coll. Garden 


101 

JlOl 

1101 

M 

2-2 

A 72 A 

... 

28-3 

j29*4 

128-3 

3-3 

4.4 

Farm Soil 


3.50 

(38'5 

1391 

M 

M 

Cedar Hill 


1.590 

1540 

6-8 

Ditto. 67 p.i 

i.m. 

2290 

2230 

5-6 

N as NH 4 CI ad 

ded 





The recovery is thus practically complete in the first half litre of 
leachings, and for ordinary purposes it is probably sufficient to use this 
amount. With very high proportions of ammoniacal nitrogen it may be 
necessary to take a second half litre of leachings or to use more con- 
centrated sodium chloride solution. 

(h) Speed of Reaction. According to Hissink, base exchange is 
practically instantaneous. If this be the case, prolonged reaction of the 
soil with the leaching solution should be unnecessary. The following 
experiments relate to this point. A garden soil, giving 124-9 parts per 
million ammoniacal nitrogen by the aeration method was leached with 
600 c.c. normal and 15 per cent, sodium chloride solution respectively. 
Varying times of contact were used in each case and the results are set 
out in the following table. 
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Table II. Ammoniacal N in parts per million. Varying times 

of reaction. 


Time Normal NaCl 15 % NaCl 


15 mins. 116-5 123-2 

2 hrg. 115 4 126-2 

6 hrs. 118-2 122-1 

24hr8. 115-4 123-8 


It will be seen that the reaction, as suggested by Hissink for other 
adsorbed bases, is practically instantaneous and the results for four 
different times can only be regarded as replicates. There is thus no need 
for long standing and after the soil has been thoroughly moistened with 
the leaching solution, a period of half an hour is probably ample, since 
the washing also occupies time in addition. The above experiment also 
shows that with high proportions of ammoniacal nitrogen, half a litre 
of normal solution is insufficient, even with prolonged contact. With 
15 per cent, solution, the agreement with the aeration method is suffi- 
ciently good. 

(c) Strength of Sodium Chloride Solution. Whilst the displacement of 
ammonium from soil can be effected by the use of relatively dilute 
solutions, the reaction might be expected to require bigger volumes of 
leachings for completion. The following experiment was carried out to 
ascertain if a solution more dilute than normal could be used with 
advantage. 

Soil 500 c.c. N NaCn 500 c.c. Nj'Z NaCl 

27 A ll-2p.p.m. 6-7 p.p.m. 

C31 20 2 „ 17-4 „ 

It would appear that the use of seminormal sodium chloride offers 
no advantage as it would be necessary to use a larger volume of leachings. 
With regard to the possibility of using a smaller volume of a more con- 
centrated solution, the figures in Table IV may be considered. From 
these it appears that for ordinary soils, 250 c.c. of 15 per cent, sodium 
chloride gives practically the same result as 500 c.c. of normal solution. 
The point will, however, be discussed later when comparing the results 
with those obtained by the aeration method. 

(d) Recovery of added Ammonium Salts. It was thought that an 
estimation of the recovery of added ammonium salts would serve as a 
check on the method. Known quantities of a standard solution of 
ammonium chloride were used to moisten certain soils. Ammoniacal ni- 
trogen determinations were then carried out by the leaching method. The 
following table gives the results obtained, with the percentage recovery. 
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Table III. Recovery of added Ammonium Salts. 


Soil 

Ammoniacal N 

N added p.p.m. 

Ammoniacal N 
in treated soil 

Recovery 

<y 

/o 

F4 

13-4 

1120 

124-3 

99-0 

C.H. 

1641 

670 

223-0 

102-8 

Taroiiba 

11-4 

61*0 

72-8 

100-8 

Garden 

3-4 

53-6 

57-3 

100-5 


It is seen that the recovery is practically quantitative. That the 
recovery is greater than 100 % in the case of soil C.H. is probably due to 
the fact that the figure for ammoniacal nitrogen in soil alone is on the 
low side. 


Agreement with Aeration Method. 

From some of the figures already given it has been seen that there is 
generally a good agreement between results by the new method and 
results by the aeration method. The results obtained are collected to- 
gether in Table IV which shows the comparison between the two methods. 

Table IV. Comparison of the Leaching and the Aeration Methods. 


Ammoniacal N, p.p.m. 
Leaching method 


Soil 

600 c.c. N NaCl 

250 0 . 0 . 15% NaCl 

Aeration method 

27 A 



11-2 

11-2 

C31 

20-2 

21-8(500 c.c.) 

22-9 

C23 

12-9 

12-3 

12-9 

D60 

27-4 

24-0 

27-4 

FI 

11-2 

12-3 

11-8 

F7 

— 

16-1 

15-1 

F8 

3-7 

6-3 

4-0 

F21 

— 

7-8 

7-2 

F22 

6-2 

6-8 

6-2 

Garden 

3-4 

— 

3-4 

47 A 

10-0 

9-9 

9-1 

D2 

8-5 

9-4 

10-1 (600 c.c.) 

10-1 

48 A 

17-9 

16-6 

17-9 (500 c.c.) 

17-3 

D6 

7-8 

6-0 

6-7 (500 c.c.) 

6-7 

D1 

22-4 

20-7 

21-6 

F17 

21-3 

21-3 

19-6 

Garden 

10-1 

— 

10-1 

A 72 

28-3 

— 

28-3 

Aber 

38-5 

— 

36-0 

A 77 

31-7 

— 

31-7 

Cedar Hill 

136-6 

142-9 

164-1 (600C.C.) 

169-1 

Rich garden soil 

116-5 

123-2 (500 0.0.) 

124-9 


If the last two soils, containing abnormally high proportions of 
ammoniacal nitrogen be omitted, and all the comparisons between the 
aeration method and the leaching method using 600 c.c. N NaCl b^ 
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averaged, then, putting the aeration results at 100*0, the results with 
the leaching method work out also at 100*0. Similarly, comparing the 
results with 250 c.c. of 15 per cent. NaCl with the aeration method, the 
leaching method works out at 98*6, a satisfactory agreement, but indi- 
cating a slightly smaller recovery. With the two soils containing high 
proportions of ammoniacal nitrogen, it will be noticed that the agreement 
is not good either with 500 c.c. N NaCl or with 250 c.c. of 15 per cent. 
NaCl, but that a better agreement was obtained with 500 c.c. of 15 per 
cent, solution. In cases where a high proportion of ammoniacal nitrogen 
is found in the first half litre of leaohings, a second half litre should be 
collected if normal solution has been used, or if a high figure be suspected, 
15 per cent, solution may be used at the outset and half a litre of leachings 
collected. 

The remarkable agreement between the results obtained by two 
methods is evidence that we are dealing with a definite quantity and not, 
as in the case of “available” phosphoric acid in soils, a quantity con- 
ditioned closely by methods of working. Ammoniacal nitrogen, although, 
as will be shown in later work, subject to great variations in the same soil, 
is at a given time a definite amount and does not depend on the details 
of a conventional method. It is a considerable advantage to be exempt 
from the necessity of rigidly prescribing working conditions as is done, 
for example, in the estimation of “available” phosphoric acid. In the 
present instance some latitude in working details is permissible so long 
as the displacement of ammonium is complete. This seems to be effected 
in ordinary soils by the use of 500 c.c. of normal, or 250 c.c. of 15 per 
cent, sodium chloride solution. Where larger amounts of ammoniacal 
nitrogen are present, 500 c.c. of the stronger solution may be required. 

Whether it is possible to distinguish between exchangeable and acid 
soluble ammonium as is done by Gedroiz and Hissink in the case of 
calcium and similar metals, we cannot be certain. For example, the method 
of determination of acid soluble calcium follows from the definition. 
In the case of ammonium, however, treatment with acid might be ex- 
pected to lead to the hydrolysis of some of the .simpler nitrogenous com- 
pounds present, with consequent production of ammonium salts. Further, 
ammonium is not an element found in natural silicate minerals. It is 
probably not unreasonable to assume that all the ammonium actually 
present in the soil at the time of estimation is actually recovered in the 
leachings. 

The leaching method has the advantage over the aeration method 
that it does not require expensive apparatus and may be employed where 
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a high pressure water supply is not available. Owing to the simplicity 
of the manipulation it should be more suitable for routine purposes than 
the aeration method. Six determinations per day may easily be com- 
pleted. The aeration method may possibly be more rapid where the 
water supply is sufficiently good to enable a battery of six tubes to be 
run in series. This condition cannot always be relied upon in provincial 
laboratories. 

Summary. 

A method for the determination of ammoniacal nitrogen in soils is 
described. It is an extension of the Hissink method for exchangeable 
bases to ammonium present in the soil. The working details are similar 
to the Hissink method, except that the leaching process is entirely 
carried out in the cold. The ammonia is distilled off with magnesium 
oxide. 

Using normal sodium chloride as a leaching solution and collecting 
half a litre of leachings for distillation with magnesia, results were ob- 
tained which showed excellent agreement with those by the aeration 
method. Similar results were obtained using 250 c.c. of 15 per cent, 
sodium chloride solution, but the results are on an average about 1*G per 
cent, lower. With high proportions of ammoniacal nitrogen a second 
half litre of normal sodium chloride leachings should be taken, or half 
a litre of 15 per cent, solution used. 

The leaching method is economical of apparatus and water suY)ply. 
It is therefore suitable for small laboratories with limited resources. It 
is fairly rapid: six estimations can be completed in a day. 

The close agreement of the new method with the aeration method 
suggests that the amount of ammoniacal nitrogen in the soil at any 
given time is not an arbitrary quantity depending on conditions of 
estimation, but a definite amount. It is improbable that any ammonium 
compounds exist in the soil apart from those which take ])art in base 
exchange. 
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INFLUENCE OF MICROORGANISMS UPON THE 
CARBON-NITROGEN RATIO IN THE SOIL^. 


By SELMAN a. WAKSMAN. 

N, J, Agricultural Experiment Stations, New Brunswick, N. J, 

Various investigations on the decomposition of organic matter in the soil 
have brought out the fact that there exists a more or less constant ratio 
between the carbon and nitrogen content of the soil, whatever the ratio 
between these elements in the organic matter originally added to the 
soil. This ratio varies from 8 : 1 to 12 : 1, i,e. for every 8 to 12 parts of 
carbon, there exists in the soil one part of nitrogen; the average ratio 
is about 10 to 1. Brown and O’Neal (1923), for example, found that the 
ratio of the carbon to the nitrogen in a Carrington loam is 12 : 1 to 13 : 1 , 
while, in the case of a Tama silt loam, the ratio may go down to 10 : 1. 
According to Sievers (1923), the ratio of carbon to nitrogen in the soil 
is about 11‘6 : 1. Russell (1923) stated that, although there is about 
40 times as much carbon as nitrogen in the original plant residues, the 
ratio will drop down to 10 to 1, before these residues have been very 
long in the soil. This ratio seemed to be in a stable position, for which no 
explanation could be suggested. Fraps ( 1 922) found the ratio of carbon to 
nitrogen in the surface soil to be 9*2 : 1 and in the subsoil 8*3 : 1 ; he 
suggested, therefore, to judge the percentage of organic carbon in the soil 
from the percentage of nitrogen present. 

No attempt has ever been made, so far as the writer is aware, to 
establish the reason for this particular ratio between these two important 
constituent elements in the soil. An attempt will be made in this article 
to explain how this carbon- nitrogen ratio in normal cultivated soils may 
be, to a large extent, a result of the activities of the microorganisms 
inhabiting the soil. 

After an organic substance is added to the soil, it is acted upon by 
various groups of microorganisms, including the fungi, actinomycetes 
and bacteria and possibly also the protozoa. A part of the organic 
matter is completely decomposed, with the formation of COg, HgO, 
NH3, H3S, etc.; another part is reassimilated by the organisms and 
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synthesised into protoplasm; a part is left undecomposed, being more 
resistant to the action of microorganisms; a part is left in the form of 
intermediate products, due either to the greater resistance of these to 
the action of the microorganisms in general and to certain specific groups 
in particular, or to the fact that products are formed hindering the further 
development of the organisms. 

This is true of substances of mixed composition, such as straw, or 
other natural products. However, in the case of purified organic materials, 
even the most complex, like celluloses, starches and proteins, it can be 
readily demonstrated that none of the original materials are left un- 
decomposed, after a short period of time, if conditions for their decom- 
position are favourable. In this case, all the resulting products can 
be accounted for by: (1) the final waste products, such as COg, NH3, 
HgO, etc.; (2) the synthesised protoplasm of the microbial cell and 
(3) by certain intermediary products, which are not decomposed com- 
pletely for one reason or another. Some of these intermediate products, 
such as citric, oxalic and fumaric acids are formed by fungi; lactic, 
acetic and butyric acids are formed by bacteria; these acids will be 
decomposed further as soon as a basic substance is added, sufficient 
to neutralise these acids. 

The quantities of carbon and nitrogen reassimilated and resynthesised 
into microbial protoplasm depend upon the nature of the organism, the 
amount of energy made available in the process of decomposition of the 
organic matter, and the amount of available nutrients, especially nitrogen 
(to a less extent phosphorus), necessary for the synthesis of the proto- 
plasm. The fungi will reassimilate between 20 to 60 per cent, or, on the 
average, 30 to 40 per cent, of the carbon of the substratum that has been 
decomposed; the bacteria will reassimilate between 1 and 30 per cent., 
or on the average, about 5 to 10 per cent, of the carbon used as a source 
of energy. The fact that the fungi will reassimilate a much greater 
amount of the carbon of the nutrient that they have decomposed than 
the bacteria, has been established by a number of investigators, as shown 
by Kruse (1910). 

The nitrogen content of the water-free fungus protoplasm is 3 to 
8 per cent., depending on the composition of the medium, being 3*5 to 
6 per cent, in carbohydrate rich, protein poor media and about 5 to 
8 per cent, in carbohydrate poor, protein rich media; on the average, 
we may assume that the fungus protoplasm contains 6 per cent, of 
nitrogen and about 45 to 50 per cent, of carbon. The water- free cells of 
bacteria contain about 10 to 12 per cent, of nitrogen (also depending to 
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some extent upon the composition of tlie substratum) and about 45 to 
50 per cent, carbon. The actinomycetes stand midway between the 
fungi and bacteria, assimilating about 15 to 30 per cent, of the carbon of 
the substratum and containing about 7 to 10 per cent, nitrogen. 

The extent of decomposition of carbohydrates by microorganisms 
is found to depend on the nature of the organism and the amount of 
available nitrogen. For every unit of carbon decomposed as a source of 
energy, a certain amount of nitrogen is assimilated, independent of the 
fact as to whether the latter is present in the form of proteins, simple 
protein degradation products or inorganic salts ; only the energy balance 
will be different. In this respect the fungi differ distinctly from the 
bacteria; the former assimilate a great deal of the carbon that is de- 
composed and, although their nitrogen recpiirement is less than that of 
bacteria, the total amount of nitrogen assimilated will be found to be 
much greater, due to the comparatively much smaller synthesis of 
protoplasm by the bacteria. 

To take a hyi)othetic example: if 100 units of organic matter (as- 
suming it is nitrogen-free) are decomposed by fungi (the carbon serving 
both for energy and structural purposes), as much as 40 to 50 parts of its 
carbon may be reassimilated by the organisms; the C : N ratio of the 
fungus ])rotoplasm is about 9 : 1. Assuming that the carbon content of 
the organic matter added to the soil is the same as that of the fungus 
mycelium, we will find that fungi will require, for every 100 units 
of organic matter decomposed, 1-5 to 2*5 units of nitrogen: 100 units 
of organic matter decomposed allow the synthesis of 30 to 50 units of 
fungus mycelium containing 5 per cent, of nitrogen. 

The amount of nitrogen required may even be higher, since certain 
fungi may contain 6 to 7 per cent, nitrogen. For the complete decom- 
position of every 100 pounds of cellulose, therefore, about 2-5 pounds of 
available nitrogen are required; for the complete decomposition of 
iOO pounds of straw which contains about 0*5 per cent, nitrogen, 1-5 to 
2*0 pounds of additional nitrogen will be required, if fungi are the only 
organisms concerned in the process; for the decomposition of every 
100 pounds of alfalfa, containing 3 per cent, nitrogen, no additional 
nitrogen is required, a small amount of nitrogen may even be liberated 
in the form of ammonia. In the case of organic substances containing 
more than 2*5 per cent, of nitrogen, the excess of the latter will be left 
as a waste product, in the form of ammonia. The greater the nitrogen 
content (not the total amount of nitrogen, but the percentage) of the 
particular organic substances added to the soil, the greater wiU be the 
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amount of nitrogen becoming available. In the case of dried blood con- 
taining, for example, 12 per cent, nitrogen, as much as 76 to 80 per cent, 
of the nitrogen may, in course of time, become available as ammonia; 
this is then transformed to nitrates. We must allow, however, for two 
phenomena: (1) a wide carbon- nitrogen ratio of the soil organic matter, 
in which case some of the nitrogen made available from the decomposition 
of the dried blood will be again assimilated by organisms capable of 
utilising the carbon compounds of the soil as sources of energy; (2) not 
all the dried blood is completely decomposed, some of it may be left in 
the form of more or less resistant intermediary products. 

It is important to emphasise, in this connection, that the mechanism 
of decomposition of organic substances and especially the amount of 
ammonia liberated depends largely upon the amount and nature of the 
available energy in the particular organic matter or in the soil. This 
points to the absolute lack of justification in making comparisons of the 
rapidity of decomposition of different nitrogenous organic substances 
containing different amounts of nitrogen, using ammonia as an index of 
availability ; different quantities of organic matter are usually employed 
of a different carbon-nitrogen ratio; when the same amounts of nitrogen 
are added, different amounts of carbon, and, therefore, of available 
energy, will be introduced, assuming that the carbon is equally available 
in all cases. More ammonia will be obtained from the decomposition of 
dried blood than from the decomposition of cotton-seed meal, not because 
the first is more available, but because the second contains half as much 
nitrogen, and, therefore, when the same amounts of nitrogen are used, 
twice as much carbon will be used with the second ; the organisms using 
the latter as a source of energy will be able to store away twice as much 
nitrogen. Kelley (1915), for example, found that about the same 
amount of ammonia was formed from such different substances as 
casein, soy bean cake meal, cotton-seed meal and linseed meal, when 
enough starch was added, so that the material added to the soil con- 
tained the same amounts of nitrogenous and non-nitrogenous matter. 

The bacteria will assimilate much less nitrogen than the fungi, 
although their cells contain a larger amount of nitrogen than the fungus 
mycelium, since the growth of the latter is much more abundant. In 
the case of various complex organic substances, many bacteria will 
either not decompose them at all or leave a large part of the decomposed 
material in the form of intermediary products. But even, for the same 
amount of energy consumed, bacteria will assimilate much less nitrogen 
than fungi, and, will therefore leave a great deal more nitrogen as a 
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waste product either in the form of ammonia or as other protein de- 
gradation products. If an organic substance of a low nitrogen content, 
like alfalfa, is acted upon by fungi, on the one hand, and bacteria, on 
the other, the former will either not liberate any ammonia at all or only 
small amounts of it, while the latter may liberate appreciable quantities 
of ammonia. This can easily be seen from the following table, where 
results on the formation of ammonia by fungi, actinomycetes and bac- 
teria from soil alone and from alfalfa meal added to the soil are given. 

Table I. Formation of ammonia from 100 grn. of sterilised soil and from 
2 per cent, of alfalfa in 100 gm. of sterilised soil by different micro- 
organisms. 

(Incubation, 18 days at 25-28*^ C.) 



StcriliHod soil 

2 % alfalfa in 
sterilisod soil 

Or^^anism 


NHa~N 


mgm. 

mgm. 

( Control 

1-87 

4-90 

Trichoderma sp. 

302 

0*58 

Ptnicillium 8p. 

2-89 

0-8() 

Fumrium sp. 

2-59 

1-87 

Act. calif ornicus 

3- 17 

5*47 

A ci. viriciochro7nogcnufi 

5-37 

()r)0 

Jiac. cereus ... 

2-59 

51 8 

Bact. fl uoreuce^is 

2-30 

5-33 


These two factors, namely (1) the nature of the carbon and nitrogen 
content of the soil and of the organic matter added to the soil, and (2) the 
activities of fungi and bacteria in the soil, will help to explain a great 
many phenomena that could not be explained up to the present time. 
Of these, we need point out only a few. 

When organic matter is added to the soil, either the formation of 
ammonia followed by nitrate accumulation or nitrogen starvation will 
set in, or both will be about balanced. This will depend on the carbon 
and nitrogen content of the organic matter. If the nitrogen content of 
the organic matter is more than 2 or 2-5 per cent., no nitrogen starvation 
can set in, but ammonia will be liberated. If the nitrogen content of the 
organic matter is about 2 to 2-5 per cent., a temporary nitrogen starvation 
may set in lasting but a few days, followed by the liberation of ammonia. 
If the nitrogen content of the organic matter is about 1 ])er cent, or less, 
a lasting nitrogen starvation may set in, which may be corrected by the 
addition of inorganic nitrogenous fertilisers. 

This has been definitely demonstrated by Rahn (1919), who found 
that in the presence of 0*5 to 1-0 per cent, of straw, the available nitrogen 
in the soil is rapidly used up and a nitrogen deficiency ensues. When 
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available nitrogen is added, the straw is rapidly decomposed and the 
soil becomes normal again, with a constant carbon-nitrogen ratio. 

This will help to explain the results of Lyon, Bizzell and Wilson (1923), 
who added 0-6 gm. of nitrogen, in the form of roots of different plants, 
to 28 pounds of soil, incubated the soils for 3 months and leached out the 
soluble nitrogen (nitrates). The amounts of nitrogen recovered were 
proportional to the percentages of nitrogen in the substances added, as 
shown below: 


Material 

Per cent. 

Weight of 

Nitrogen 

used 

nitrogen 

roots added 

in leachings 



gm. 

mgm. 

Control soil 

— 

— 

946*6 

Oats 

0-45 

139*3 

207*3 

Timothy 

0-62 

96*8 

398*4 

Maize 

0-79 

76*9 

510*6 

Clover 

1-71 

35*1 

924*4 

Dried blood 

10*71 

6*6 

175M 


There was about the same amount of nitrate formed in the control 
soil and in the soil to which clover was added, showing that about 
2 per cent, of nitrogen was sufficient to allow the microorganisms to 
utilise all the available energy in the fresh organic matter. The greater 
the amount of organic matter added, the greater is the amount of avail- 
able energy and, therefore, the greater is the amount of nitrogen that 
will be reassimilated by the microorganisms; this, combined with the 
lower nitrogen content, accounted fully for the decrease in the nitrate 
content of the leachings. 

That fungi andactinomycetes, which synthesise an extensive mycelium, 
are probably more concerned in the decomposition of straw and other 
organic residues in the soil than the bacteria, which synthesise a corre- 
spondingly smaller amount of protoplasm, of a narrower carbon-nitrogen 
ratio, is further brought out by the following observation. When a large 
amount of straw is added to the soil, nitrogen starvation sets in, due 
to the above considerations. However, when the soil is treated with 
carbon bisulphide (Hiltner, 1908), during or soon after the addition of the 
straw, the phenomenon of nitrogen starvation is not apparent. The 
disinfectant destroys the soil fungi (Waksman and Starkey, 1923) and 
greatly reduces the number of actinomycetes, while the bacteria, although 
at first reduced in numbers, are greatly stimulated, after the disinfectant 
has evaporated. The above phenomenon may be due largely to the 
lower nitrogen requirement of the bacteria and also to the greater 
liberation of available nitrogen, as a result of the numerous processes 
following partial sterilisation of soil. 

The above considerations explain why the carbon-nitrogen ratio 
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of the soil is more or less constant. It could not be otherwise: were the 
carbon content too krge in relation to the nitrogen, the soil would not be 
in a condition to support plant growth, as long as this excess lasted; the 
microorganisms using the carbon as a source of energy would assimilate 
every trace of available nitrogen that would otherwise be made available 
for the growth of higher plants. Were the nitrogen content too large, 
ammonia would be rapidly liberated and then transformed to nitrates 
and either leached out or assimilated by higher plants. In the case of a 
soil with a constant carbon-nitrogen ratio of about 10 to 1, the activities 
of the microorganisms are in a condition of a more or less unstable 
microbiological equilibrium; under these conditions, only small amounts 
of energy are utilised, resulting in the liberation of corresponding amounts 
of ammonia, which are later transformed into nitrates. The amount of 
ammonia liberated in a soil under normal conditions depends on the 
amount and kind of organic matter in the soil as well as on the environ- 
mental conditions. 

Any change in the ])hysical, chemical and microbiological condition 
will result in a change in the unstable equilibrium, accompanied by an 
increase in the amount of organic matter decomposed, as indicated by the 
evolution of carbon dioxide, and, therefore, also by aii increase in the 
amount of ammonia liberated. Among the phenomena which bring about 
such changes, we may mention the neutralisation of an acid soil with CaO 
or CaCOg , the treatment of the soil with volatile antiseptics, steaming 
of soil or heating it to a temperature less than 98° C., drying followed 
by moistening, etc. 

The fact that these treatments tend to destroy the fungi to a greater 
extent than the bacteria, the fact that the latter become active much 
more rapidly than the former after the treatment and, finally, the fact 
that the bacteria assimilate much less nitrogen than the fungi per unit 
of energy utilised or carbon transformed, all tend in the same direction, 
namely a greater liberation of ammonia than would have taken place in 
untreated soil. 

Before we can understand the processes of decomi)osition of organic 
matter in the soil, resulting in the liberation of the available nitrogen, 
wc must have a clear conception of the chemic^al composition of the 
organic matter, types of microorganisms acting upon it, nature of the 
chemical transformation brought about, as well as the environmental 
conditions under which these processes take place. 
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Introduction. 

The connection which has been shown to exist between the strength of 
wheat flour and the chemical individuality of the glutenine fraction of 
the wheat protein (Woodman, 1922) (i) led the writers to institute an 
enquiry into the manner in which the individual wheat proteins are 
developed and stored during the progress of the grain from the early 
stages after flowering to ripeness. The immediate object of the investiga- 
tion was to secure information in regard to the stages at which the 
different proteins made their appearance in the grain and to determine 
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at what point the character of the grain contents was such as to enable 
a tenacious gluten to be obtained by grinding up the kernels with succes- 
sive quantities of dilute NaCl solution. It was also intended to follow 
the rate of alteration of the amounts of the several proteins during the 
growth of the grain and to attempt to elucidate as far as possible the 
relationships which exist between the simple and complex forms of 
nitrogen at the various stages. 

Numerous investigations have been made into the distribution of 
the nitrogen of wheat flour and the ripe wheat kernel, but comparatively 
little is known concerning the partition of the nitrogen during the 
immature stages and the alterations which occur as the seed ripens. 
Brenchley and Hall (2), in their extremely valuable work on the develop- 
ment of the wheat grain, contented themselves, in respect of the nitro- 
genous substances, with following the changes of total nitrogen and 
protein, nitrogen and were not concerned with the j)artition of the total 
nitrogen into that of individual proteins and simple nitrogenous sub- 
stances. The same remark applies to a later and similar investigation by 
Thatcher ( 3 ) into the progressive development of the wheat kernel. More 
detailed information is necessary, however, if a comprehensive picture 
of the nitrogenous metabolism of the wheat plant is to be obtained. 

The investigations of Osborne and his co-workers ( 4 ) have established 
with certainty that there are at least five forms of protein present in the 
wheat kernel. These comprise: (1) Gliadine, distinguished by its ready 
solubility in alcohol of strength 70 per cent, by volume; (2) Glutenine, 
soluble in very dilute acids and alkalies, but insoluble in dilute alcohol 
and neutral aqueous solvents; (3) Leucosin, an albumin-like protein, 
easily soluble in distilled water; (4) a globulin, soluble in dilute saline 
solutions; (5) a proteose, soluble in water. 

The albumin, globulin and proteose constitute together almost the 
entire protein of the embryo, whilst the gliadine and glutenine form 
nearly the whole of the protein of the endosperm, or more than 80 per 
cent, of the total protein of the entire seed. The following table gives 
Osborne’s figures for the distribution of these proteins in the whole wheat 
kernel. 



Spring wheat 

Winter wheat 


o/ 

/o 

% 

Gliadine 

3-96 

3*91 

Glutenine 

4-68 

417 

Albumin 

0-39 

0-36 

Globulin 

0-62 

0*63 

Proteose 

0-21 

0-43 


The above fibres however are subject to modification according to the variety of wheat 
under invest^ation. 
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In addition to the forms of nitrogen enumerated above, the wheat 
grain also contains nitrogenous substances of non- protein type, although 
the present knowledge of such substances and their functions in the 
kernel is incomplete. Schulze (5) concluded that the amount of non- 
protein nitrogen in the wheat kernel amounted to 0*24 per cent, 
(calculated on the dry matter basis). He demonstrated the presence of 
a little asparagine in the wheat embryo, but stated that the amount was 
insignificant when expressed as a percentage of the whole grain. Richard- 
son and Crampton(()) noted the presence of allantoin in the embryo, 
whilst Frankfurt (7) was able to identify the bases betaine and choline 
amongst the constituents of the embryo. Blish (8) showed that patent 
wheat flour contained about 2 mg. of amino acid nitrogen and 6*0 mg. 
amide nitrogen per 100 gm. of flour, and concluded that there was prob- 
ably a relatively significant amount of non-protein nitrogen of undeter- 
mined nature present which was neither in the form of amino acid 
nitrogen nor of peptide complexes. Jodidi and Markley(9), as a result 
of careful investigations on the whole wheat grain, demonstrated the 
presence of significant amounts of amino acid nitrogen (1-4 to 2*3 per 
cent, of the total nitrogen) and amide nitrogen (1*5 to 1-9 per cent, of 
the total nitrogen) and for the first time established the important 
physiological fact that the kernel also contained polypeptide nitrogen 
(3*9 to 5-1 per cent, of the total nitrogen). In addition to the above, the 
seed of the wheat has also been shown to contain nucleic acid (probably 
as nucleates in tlie embryo), phytosterol, lecithin and traces of arginine. 

Although the main object of the present investigation centred round 
the nitrogenous constituents of the grain, the opj)ortunity was also 
taken to follow quantitatively the changes in the moisture content, 
crude fat, crude fibre, inorganic constituents and acidity of the aqueous 
extracts. No quantitative measurements of the amount of reducing 
sugars were made, the changes in the reducing power of the grain extracts 
being followed by (|ualitative tests carried out under comparative 
conditions. 


(General Arrangement of Investigation 

For the purposes of the investigation a rigidly preserved pure line 
of Red Fife wheat was selected as one which was likely to yield a grain 
of satisfactory strength, containing a fair percentage of protein, this 
latter fact rendering the variety suitable for investigation of the develop- 
ment of the nitrogenous constituents. It was sown on Nov. 6, 1922, on 
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a uniform light gravel soil which had been lightly dressed with guano 
in the autumn. The rate of sowing was one grain per hole at 2 inch 
intervals, whilst the distance between successive rows was 6 inches. 

The crop grew satisfactorily and was not lodged. It was almost free 
from disease, a few isolated plants being affected by yellow rust {Puccinia 
qlummum) and bunt (Tilletia tritici). These were carefully excluded 
from the samples taken for analysis. 

The analytical samples consisted of the grain in the ears from the 
central stems of 120 plants (note: in the earlier stages the samples were 
obtained by removing the grain from 200 such ears). The ears were 
selected on the simple principle of deciding by eye judgment the repre- 
sentative stage of ear development over the whole plot and carefully 
choosing the requisite number of ears which had arrived at this stage. 
To such a method of sampling there is necessarily the objection that 
formal precautions to ensure imiformity are lacking. 

Amongst individual grains from a population of wheat plants there 
is at every stage fluctuation within wide limits. This has primarily a 
three-fold basis: (1) The individual plants do not pass synchronously 
or similarly through the outwardly marked stages of development. 
(2) For any one plant the separate tillers represent in time and magnitude 
a more or less graded series. (3) On the individual ear, the florets and 
the grains they form are not uniform but complexly graded. 

Precautions might be devised to cope, theoretically, with these three 
basal forms of fluctuation. It has been demonstrated, however, that 
only by the most elaborate safeguards can all the theoretical implications 
be met and even with very careful safeguarding, high uniformity in 
sampling is still unattainable (Engledow and Wadham, 1923 and 
1924) (10). 

With cereal plants sampling difiiculties spring largely from the fact 
that of a number of attributes, each a potential index to the stage of 
development, no two give results entirely in harmony. In view of the 
nature of the objects of this investigation, it was considered desirable to 
confine attention to major and outstanding features as a guide to sampling, 
since elaborations in this connection, whilst having only limited value, 
would add greatly to the labour involved in the investigation. At some 
stage or other of cereal investigation, reliance must ultimately be placed 
in eye judgment. Properly employed, it often affords the best basis for 
sampling and at times the only one. Usually, as in the present trial, 
the sample to sample sequence of analytical figures affords a critical 
check on the adequacy of the sampling procedure. 
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On the sampling days, the selected ears were cut at about 9 a.m. 
and transported without delay to the laboratory, where the grain was 
removed forthwith by a team of workers. The grain as it was removed 
was stored in a stoppered bottle to prevent loss of moisture and was 
weighed prior to analysis to ascertain the average weight of kernels per 
ear. The analysis of the sample was proceeded with immediately, so 
that no part of the grain remained in a changeable condition for more 
than about two hours after cutting the ears. 

The first sample was taken on July 9, 1923; a second sample was 
investigated a week later and thereafter biweekly samples were collected 
up to harvest. 

No meteorological data are published nor is there any attempt to 
correlate the chemistry and chronology of development with environ- 
ment and weather conditions. It was noteworthy that, save for a heavy 
storm from which the plot escaped imdamaged, the weather from ear- 
emergence to harvest was very favourable to grain development and 
maturation. To this is no doubt in some measure to be attributed the 
regularity of sequence which the analytical data display. Of the influence 
of the weather, however, no more can be said. The effect of a climatic 
factor is not simply determined by its intensity and duration ; its precise 
incidence in plant-physiological time must be fundamentally important. 
Moreover, climatic effects on plants may not be revealed at once, but 
may only become manifest by reason of their influence on a later phase 
of plant activity. The certainty of strong pre-determinative effects in 
the reaction of plants to weather points to the futility of considering 
formal meteorological data in an investigation of this kind. 

Botanical Notes. 

No cytological investigation was made in connection with the chemical 
studies to be recorded. Careful notes of size and appearance of the grain, 
however, as well as of developmental stage of the complete plant, were 
made at every sampling. These data, together with actual dates of 
sampling, enable the main trend of cytological development to be 
indicated in an approximate sense. 

Several detailed records of the development of the wheat plant 
embracing cytology, morphology and chronology have been published 
(Brenchley (11), Percival(i2)). In the outline which follows, actual obser- 
vations are coupled with facts borrowed from published data and inserted 
in appropriate chronology. Zero day is taken as the modal day of ear- 



668 Chemical Study of the DeveJfipmemt of Wheat Grain 

emergence for the whole plot. Fig. 1 shows in schematic form the time 
position of the analytical samples. 

The times of ear-emergence, anthesis and fertilisation are shown in 
Fig. 1. The first division of the fertilised ovum would occur between the 
10th and 12th days and by the 13th day the formation of endosperm 
cells would be actively in progress. 



0 6 8 10 20 30 33 40 43 47 50 54 57 6062 65 

Fig. 1. Numbera along the base lino indicate days from time of oar-omergence. 

S. 1 implies Sample 1 and so on. 


By about the 21st day the full number of endosperm cells would be 
formed. At this stage the aleurone layer would be visible in a section and 
the infiltration of starch into the endosperm cells about to begin. Some 
nine or ten days later the upper endosjierm cells would already be filled 
with starch and the first leaf of the embryo would be differentiated. 
After a further five or six days the first pair of primary rootlets would be 
observable. 

On the 33rd day, sample 1 was collected for analysis. The grains 
were about half their final maximum length and quite milky. Though 
not green in external appearance, they contained sufficient pigment in 
the chlorophyllous integumentary layer to colour the grain extracts. 

Sample 2 was taken on day 40, when the grains were three-quarters 
the full length. In consistency they were between milky and cheesy. 
They appeared definitely green externally. 

Sample 3 on the 43rd day showed only slight progressive differences 
from sample 2. 

Sample 4 on day 47 consisted of grains of the maximum length 
(length decreased from this time on). In consistency they were almost 
cheesy and their external colour was just perceptibly tinged with yellow. 

Sample 5 on day 50 marked an important change, for the external 
green colour was quite noticeably tinged with yellow-brown. At this 
stage all the endosperm cells contain abundant starch and infiltration 
of the latter is almost finished. 

Sample 6 on day 54 consisted of semi-hard grains definitely brown- 
green in external appearance. By this time the disintegration of the 
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endosperm cell nuclei, induced by the pressure of starch infiltration, must 
have commenced. 

Sample 7 on day 57 and sample 8 on day 62 possess no special cyto- 
logical interest. The crop was ripe to harvest on day 65, when the final 
sample was taken. 

Botanically, it is of interest to note the evidences of correspondence 
. between chemical and cytological phases, this being particularly marked 
in sample 5. 


Methods of Analysis. 

Dry matter of grain. Duplicate samples of about 20 gm. of the grain 
were dried in the steam oven to constant weight. 

Total nitrogen. Determined by means of Kjeldahl method on dupli- 
cate samples of fresh grain. 

Acidity of aqueous extracts, A representative sample of 25 gm. of the 
fresh grain was weighed into a small beaker. After adding a little dis- 
tilled water, the beaker was plunged for five minutes into boiling water. 
By this means the possibility of proteolytic enzyme activity affecting 
the distribution of the nitrogenous constituents during extraction was 
obviated. The grain was next transferred to a mortar and very thoroughly 
ground up under distilled water. The liquid was then poured off through 
a filter into a graduated flask. The process of grinding up the residue 
under distilled water was repeated several times, until the volume of 
clear filtrate amounted to 300 c.c. After thorough mixing, 50 c.c. of the 
aqueous extract was titrated with NjlO NaOH to phenolphthalein. 

Amino acid and ammonia nitrogen, 175 c.c. of the clear aqueous 
extract obtained in the determination of acidity as above was made 
up to 500 c.c. with neutral alcohol. After shaking and allowing the 
precipitated material to settle, the liquid was filtered and the amino 
acids (including asparagine) and ammonia in the alcohohc filtrate were 
determined by the use of Foreman’s method ( 13 ). 

Nitrogen extracted by neutral salt solution, A weighed sample of the 
fresh grain was ground up thoroughly with 1 per cent. NaCl solution in 
a mortar. The extract was filtered into a graduated flask. The process 
of extraction of the residue was repeated many times, until the volume 
of the extract amounted to 300 c.c. In order to ensure thorough removal 
of soluble constituents, the residue, after the final grinding up with salt 
solution, was thoroughly pressed out in a small linen bag. The saline 
extract was next thoroughly mixed and nitrogen determinations were 

Joonu of Agtio. Soi. xiv 37 



570 Chemical Study of the Development of Wheat Grain 

carried out on 100 c.c. portions. The weight of grain thus extracted was 
25 gm. in the earlier and 20 gm. in the later samples. 

Alcohol soluble nitrogen. The residue from the determination of the 
saline soluble nitrogen was next carefully washed back into the mortar 
by means of alcohol (70 per cent, by volume) and was thoroughly ground 
up with several successive portions of alcohol of this strength, the alcoholic 
solution being filtered off into a measuring flask after each extraction. 
This treatment was followed by shaking the residue further with 70 per 
cent, alcohol in a flask at intervals during 24 hours, the liquid being 
filtered off and added to the bulk of the previous filtrates. The extraction 
was continued in this manner until no further gliadine was dissolved 
(shown by pouring a little of the extract into distilled water and noting 
absence of turbidity). The total volume of alcoholic filtrate obtained in 
the determinations at the earlier stages was 250 c.c., whilst with the later 
samples it was found necessary to increase the bulk to 500 c.c. After 
thorough mixing, 100 c.c. of the extract was pipetted into each of two 
digestion flasks, the alcohol evaporated off in the water bath and the 
nitrogen in the residues determined by the Kjeldahl method. 

Alkali soluble nitrogen. The material remaining after extraction with 
70 per cent, alcohol was allowed to air-dry and was then shaken vigorously 
in a flask at frequent intervals during a period of 48 hours with a measured 
volume (250 c.c. with the early samples and 500 c.c. in the later deter- 
minations) of 0*2 per cent. KOH (with the addition of a little toluene to 
prevent bacterial action). The alkaline extract was then filtered clear 
and the nitrogen content determined in duplicate on 100 c.c. samples. 

True protein and non-protein nitrogen. The grain remaining after 
weighing out for the determinations described above was dried in the 
steam oven and subsequently finely ground up. The material was then 
air-dried and, after determination of the moisture content, the percentage 
of true protein nitrogen was determined by means of the copper precipi- 
tation method. This was subtracted from the total nitrogen, the difference 
representing the amount of non-protein nitrogen in the grain. 

Inorganic constituents. Ash determinations were carried out in the 
usual manner on the air-dried material. Difficulty was experienced, 
however, in obtaining a perfectly white ash and this was overcome in 
all cases by heating gently the grey ash with a few drops of concentrated 
nitric acid, followed by ignition at low red heat. 

Crude fat and acid values of crude fat. Determinations of crude fat 
were carried out on the air-dried material by the usual Soxhlet extraction 
method. In order to determine the acid values of the ether extracts, 
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weighed amounts of the material were extracted with ether for three days. 
After removing the ether at a low temperature, the residue was forthwith 
dissolved in a hot neutral alcohol-ether mixture and titrated with N j 10 
NaOH to phenolphthalein. 

Crude fibre and carbohydrates. The crude fibre content of the grain 
meal was estimated by the orthodox method. The carbohydrates were 
calculated by the difference method and for this purpose it was necessary 
to assume the factor 5*7 for converting total nitrogen into crude protein. 

All the results so obtained were subsequently calculated so as to 
relate to 100 gm. of the dry grain. 

Reducing sugars and nitrate. No quantitative estimations of starch 
and reducing sugars were made. A comparative qualitative examination 
of the samples of grain was carried out in the following manner. 3 gm. 
of the air-dried samples was shaken for one hour with 30 c.c. distilled 
water. After filtering clear, 5 c.c. of the filtrates was boiled with 2 c.c. 
of the mixed Fehling’s reagent and the readiness and copiousness of the 
reduction were noted. 

Tests for the presence of nitrates were also carried out on the aqueous 
extracts, employing both the carbazole and diphenylamine reagents. 
In making this test, the reagents were not only added to samples of the 
grain extracts, but also to separate portions of the extracts to which had 
been added two drops of KNO 3 solution (1 part in 10 , 000 ). In this manner, 
it could be ensured that the test was being carried out under conditions 
which would enable a positive result to be noted if small amounts of 
nitrates were present in any of the extracts. That the conditions were 
such was shown by the fact that decided positive results were obtained 
in every case where grain extract was tested after the addition of the 
two drops of dilute KNO3 solution. 

Critical Survey op Analytical Methods. 

It cannot be claimed that the above scheme of analytical methods is 
wholly satisfactory, nor even that the nitrogenous fractions so deter- 
mined represent absolutely sharp and distinctive types of nitrogenous 
substances. Bailey and Blish (14), for instance, have demonstrated that 
the extract of fiour when 1 per cent. NaCl is employed as solvent does 
not only contain the non-gluten proteins, but also measurable amounts 
of gliadine. They also call attention to the difficulty of extracting com- 
pletely the gliadine by means of 70 per cent, alcohol at the ordinary 
temperature. In dealing with the complex system of embryo, aleurone 
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layer and endosperm, other than aleurone, it is entirely probable that 
any attempt to isolate the various proteins by the simple use of solvents 
will result in some overlapping. 

The fraction of nitrogen extracted by means of dilute NaCl solution 
will comprise not only that of the leucosin, globulin and proteose con- 
stituents, but also the nitrogen contained in the simple nitrogenous 
substances such as amino acids, amides and ammonium salts. No 
attempt was made to estimate the albumin, globulin and proteose 
fractions separately, as such an addition to the experimental procedure 
would have rendered the analytical routine too laborious to be carried 
out smoothly. It is proposed to carry out a further investigation for 
the purpose of following in detail the behaviour of the water soluble 
constituents during grain development. 

The method whereby the glutenine was estimated in the whole 
wheat meal was perforce of an unsatisfactory nature, since it involved 
extracting with dilute alkali the residue after removal of saline soluble 
and alcohol soluble nitrogenous constituents. It cannot therefore be 
asserted with certainty that glutenine, and glutenine alone, was extracted 
in this process. 

No serious criticism can be urged against the methods whereby the 
dry matter, total nitrogen, protein nitrogen, crude fat, crude fibre and 
ash were estimated. 

It should be pointed out that the amino acids as determined by 
Foreman’s method include also amides of the asparagine and glutamine 
type, since the latter are titratable in alcoholic solution. Preliminary 
experiments carried out on pure asparagine showed that the latter was 
perfectly stable during the operation employed for the ammonia esti- 
mations. 

The total carbohydrates were calculated by the usual difference 
method, this involving the assumption of the value 5*7 as representing 
the factor for converting total nitrogen into protein at all stages of the 
grain’s development. No attempt was made to differentiate the carbo- 
hydrates quantitatively into starch, dextrin, reducing sugars, hemi- 
celluloses, etc. 

It would be difficult if not impossible in the present state of knowledge 
to evolve an analytical procedure for this purpose which would be free 
from criticism and at the same time be practicable from the point of 
view of time and labour involved in its carrying out. The methods which 
were actually adopted, however, enable the grain contents to be par- 
titioned at every stage into a series of comparable fractions and thus 
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make possible the investigation in a broad sense of the progressive 
changes which characterise, from a chemical point of view, the growth 
of the grain. 

Discussion of Analytical Results. 

1. ¥re8}i weighty dry matter and water content, 

Brenchley and Hall (2) broadly divided the period of development of 
the wheat grain into three periods, basing the division on the changing 
water content of the grain. (1) The period comprising about 22 days 
after flowering in which the amount of water in the grain is rising con- 
tinuously. (2) A further period of about 18 days during which the water 
content of the grain remains roughly constant. (3) A final ripening period 
of about 6 days during which the grain is being rapidly desiccated. The 
critical days in the history of the growth of the grain were about 22 and 
40 days after flowering. 

A study of the data given in Table II reveals the fact that the growth 
period of the grain examined in the present investigation can similarly 
be divided into three such periods. Up to day 40 after ear-emergence the 
water content of the grain shows marked rises; from day 40 to day 50 
the water content is roughly constant, whilst from day 50 to day 65 a 
rapid desiccation takes place. The critical days of the present trial were 
therefore day 40 and day 50 after ear-emergence. 

It will be noted that the “constant water content” period was only 
of 10 days’ duration, whereas in the investigations of Brenchley and Hall, 
the corresponding period was of about 18-20 days in length. It is prob- 
able therefore that although the growth of the grain can be divided into 
three periods showing the characteristic features of rising water content, 
constant water content and desiccation, the relative durations of these 
periods may be in a measure dependent on variety of wheat and con- 
ditions of climate and soil. 

The green weight of the grains from 100 ears increased continuously 
until a maximum was reached on the critical day 50; from this point 
onwards the green weight diminished regularly. It has already been 
pointed out (see Botanical Notes) that day 50 was marked by the setting 
in of the change of the external colour of the grain from green to yellow- 
brown. 

The percentage of dry matter in the grain showed a steady increase 
right up to harvest. On the other hand, the actual dry weight of the grain 
per 100 ears increased rapidly up to day 50, and beyond this the ripening 
period was characterised by only slight dry weight changes. The figure 
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151*9 gm.for sample 6 is probably on the low side as a result of accidental 
errors of experiment. There is every indication that the actual maximum 
dry weight was attained on day 57, i,e, about a week before the crop was 
considered ripe to harvest. In the last week a slight but measurable 
diminution in dry weight occurred. This is in agreement with the 
findings of Brenchley and Hall and is probably to be attributed to loss 
of carbohydrate resulting from respiration at a stage when no further 
nutrients are being moved up into the grain. 

Table II brings out strikingly the character of the ripening process, 
which is almost exclusively one of desiccation, unaccompanied by 
transport into the grain of fresh material or the occurrence of any marked 
chemical changes. Rearrangement of material already in the grain, such 
as the transformation of non-protein nitrogen into protein, may occur 
to a minor extent at the beginning of desiccation. 

This feature has already been amply demonstrated by the investiga- 
tions of Brenchley and Hall. It is difficult therefore to understand the 
results of Eckerson ( 15 ), who, as a result of microchemical studies, con- 
cluded that the synthesis of endosperm proteins took place during the 
desiccation period. 

2. Total nitrogen^ 'protein nitrogen and non-protein nitrogen. 

The percentage of total nitrogen on the dry matter did not display 
much variation during tlie whole period of development. In the first 
10 days, the percentage fell vslightly ; thereafter it rose from 2*44 per cent, 
to about 2*70 per cent. The further slight rise experienced during the 
last week of ripening is j)robably explained by the loss of non- nitrogenous 
material from the grain by respiration rather than actual gain of 
nitrogenous material by transport. It is to be noted that the final per- 
centage of nitrogen in the mature grain is greater than that in the 
immature samples. 

It is of interest to contrast this result with that obtained by Andre 
in his investigations on the barley grain (lO). Andre showed that the 
barley grain does not possess a maximum content of nitrogen at the 
end of ripening but at an earlier stage, apparently for the reason that 
considerable amounts of nitrogen-free materials are stored up later. At 
the end of ripening, barley contains about 16*4 per cent, less nitrogen 
than at the maximum phase. 

In the present investigation, the amount of nitrogen in the grains 
from 100 ears rose regularly up to the critical day 50, the rise after this 
day during the ripening period being very small. 
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The percentage of protein nitrogen on the dry matter rose somewhat 
irregularly from 1'75 per cent, up to 2’58 per cent, during the experiment, 
whilst that of the non-protein nitrogen, which was highest in sample 1, 
fell from 0*81 per cent, to 0-20 per cent, in the mature grain. The latter 
figure agrees well with the average figure of 0*24 per cent, given by 
Schulze (5) for the non-protein nitrogen in the dry matter of the ripe 
wheat kernel. 

The gradual alteration in the character of the nitrogen of the grain 
is shown in Table III, which gives the protein nitrogen Expressed as 
percentages of total nitrogen for the different samples. 

Table III. 

Number of sample 123460789 

% protein N in total N 68-4 84-7 86-5 80-0 84-3 92-6 90-7 91*4 92*8 

The amount of protein nitrogen in the grain from 100 ears rose 
steadily and fairly regularly up to day 50. In the next four days a further 
small rise in the amount of protein nitrogen occurred, this obviously 
resulting from the building up of protein from non-protein nitrogen 
already present in the grain at this stage, since the non-protein nitrogen 
underwent a diminution almost equal to the rise in protein nitrogen. It 
follows therefore that the conversion of non-protein nitrogen into protein 
is possible on a reduced scale at the beginning of the desiccation period, 
when transport of further material into the grain has ceased. 

The amount of non-protein nitrogen in the grain from 100 ears 
showed a steady increase up to day 47 after ear-emergence, this pointing 
to the conclusion that up to this stage nitrogen in the form of simple 
substances was being transported into the grain at a greater rate than 
it could be built up into protein. After day 47, when transport of 
nitrogen into the grain was beginning to slow down, the amount of non- 
protein nitrogen in the grain from 100 ears began to show a decrease 
also. After day 50, transport into the grain had ceased whereas synthesis 
of protein continued for a few days longer. This point was marked 
therefore by a decided fall in the amount of non-protein nitrogen. After 
day 64 the grain was too dry to permit of both synthesis and transport, 
so that the relative amounts of protein and non-protein nitrogen remained 
roughly unaltered up to harvest. 
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3. Amino add {including asparagine), ammonia and nitrate nitrogen. 
Discussion of mechanism, of protein synthesis in the grain. 

In sample 1, where the percentage of non-protein nitrogen on the 
dry matter possessed the highest value, the whole of this fraction could 
be accounted for in terms of amino acid (including asparagine) and 
ammonia nitrogen. The slight discrepancy which occurred was obviously 
to be attributed to e;Kperimental error involved in the measurements. 
At every other stage, the sum of the amino acid (including asparagine) 
and ammonia nitrogen was definitely smaller than the amount of non- 
protein nitrogen. This points to the appearance in the grain of non- 
protein nitrogenous substances which cannot be included in these two 
classes, such as “true amides” {i,e. amides which unlike asparagine do 
not contain a carboxyl group), nucleic acid, lecithin, phytosterol, etc. 

The amoimt of amino acid (including asparagine) nitrogen in sample 1 
represented about 16 per cent, of the total nitrogen. A week after this 
the percentage dropped to about 4-4 and thereafter continued to fall, 
so that in the mature grain the amino acid (including asparagine) con- 
stituted only about 0*75 per cent, of the total nitrogen. 

There can be no question of amino acids accumulating in the im- 
mature grain and subsequently being condensed to form protein during 
the desiccation period, as has been suggested by Eckerson(i5). The 
synthesis of protein from amino acids is proceeding at all stages up to 
the desiccation period in a continuous manner, and it is this fact which 
explains the small concentration of the amino acids in the grain during 
the “constant water content” stage of development. As amino acids 
appear in the grain, they are more or less promptly transformed into 
more complex forms of nitrogen. 

The question arises as to the nature of the nitrogenous materials 
which immediately precede the amino acids in the chain of reactions 
involved in the synthesis of the seed proteins. The results of the analysis 
of sample 1 appear to afford some clue to this. Here the whole of the 
non-protein nitrogen may be partitioned into amino acids, amides of the 
asparagine type and ammonium compounds. It will be noted that in 
this sample, ammonia nitrogen was present in somewhat larger amount 
than amino acid (including asparagine) nitrogen. From the fact that 
at no investigated stage in the development of the grain could nitrate 
be detected by the most sensitive tests, it is justifiable to conclude that 
the reduction of nitrate to ammonia (probably through nitrite) occurs 
at some point exterior to the grain and that the nitrogen for protein 
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synthesis enters the grain either in the form of amide (asparagine) or 
ammonium compounds, or both. 

Modern research has assigned to asparagine an important role in 
connection with the nitrogenous metabolism of the plant. Various 
earlier workers noted that whenever the amount of protein in leaves 
underwent diminution, there was a corresponding appearance of aspara- 
gine (Borodin ( 17 ), Schulze ( 18 ), Butkewitsch ( 19 )). Mercadente ( 20 ) put 
forward the opinion that asparagine was the nitrogenous substance 
concerned in the elaboration of protein in the plant. Schulze (2i), whilst 
admitting the possibility of synthesis in this manner, doubted whether 
it occurred as a result of direct combination between the amide and 
nitrogen-free materials. 

The more recent researches of Prianischnikoff and of Chibnall have 
brought out clearly the part which asparagine plays in plant metabolism. 
Prianischnikoff and Schulow(22) expressed the view that asparagine 
synthesis occurred in the plant whenever an excess of ammonia was 
present in the tissues, arising from too quick uptake of nitrogen through 
the roots or from deamination changes in the plant itself. In a later 
communication, Prianischnikoff ( 23 ) developed an analogy between the 
functions of urea in the animal organism and asparagine in the plant. 
He demonstrated that when in young plants protein metabolism gives 
rise to ammonia, the latter, which is toxic in excess, is rendered innocuous 
by condensation with aspartic acid to form asparagine. Chibnall ( 24 ) 
has further shown that the same reaction may occur in the mature leaf 
under abnormal circumstances. Plants therefore remove ammonia as 
asparagine, whilst the animal organism renders it harmless by con- 
verting it into urea. 

The analogy is not perfect, however, since urea is excreted unchanged 
from the animal organism, whereas in the plant, asparagine may accumu- 
late without harmful effects and may, in the presence of fresh supplies 
of carbohydrate resulting from carbon assimilation, be further utilised 
and its nitrogen be built up into protein. Prianischnikoff showed that in 
seedling plants the amount of asparagine formed is dependent on the 
amount of available carbohydrate. Amino acids and protein were formed 
from asparagine in the presence of carbohydrates and in view of the 
reversibility of this reaction, it followed that the absence of carbohydrate 
led to the degradation of protein with asparagine formation. 

Chibnall ( 24 ) has shown that the total amount of protein present in 
runner bean leaves is subject to a very decided diminution during the 
night. Moreover, the products of protein degradation, whatever their 
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nature, do not accumulate in the leaf but are translocated to other parts 
of the plant. 

In a second communication, Chibnall( 25 ) has further demonstrated 
that asparagine is the chief product of the metabolism of protein in the 
mature leaf, and he arrives at the conclusion that in the normal mature 
leaf there is a continuous production of asparagine from protein degrada- 
tion and this constitutes the most important means at the plant’s dis- 
posal whereby “ nitrogen in a form suitable for easy resynthesis of protein 
is conveyed from one part of the mature plant to another.” 

Similarly, during the ripening of seeds, asparagine is probably trans- 
located from the leaves to the pericarp and it is there utilised for the 
synthesis of seed proteins (Schulze, 1911) (2G). 

The investigations summarised above point to the dual function of 
asparagine in. the plant organism. Firstly, it is to be regarded as a means 
of storing ammonia in an innocuous form, and this function probably 
explains its presence in roots and tubers, the nitrogen which has been 
taken up in excess of the plant’s requirements having been stored as 
asparagine for future use. Secondly, it possesses the function of a trans- 
locatory substance {i.e. an ‘‘ammonia carrier”) and in this role is re- 
sponsible for the transport of nitrogen from one i)art of the plant to 
another for purposes of protein synthesis. 

A third function possessed by asparagine is apt to be lost sight of, 
namely, its power of condensing with amino acids to become an integral 
part of a protein molecule, since asparagine is probably present as such 
in the protein molecule, giving rise to aspartic acid on acid hydrolysis. 

There can, in the light of the above, be little doubt that the nitrogen 
for protein synthesis enters the wheat kernel mainly in the form of 
asparagine arising from degradation of protein in the leaves of the plant. 
Little or no evidence however is available to show how the further reaction 
between asparagine and carbohydrate to form protein takes place. That 
a direct action occurs is extremely doubtful, and a study of the data in 
Tables I and II lead to the belief that the ammonia is regenerated from 
the asparagine molecule and that ammonia forms the actual starting 
point of protein synthesis by entering into reaction with carbohydrate 
or transformation products of carbohydrate. In sample 1 , the amount o 
ammonia nitrogen is so significant, that it is justifiable to conclude that 
either a part at least of the nitrogen enters the grain in this form or that 
ammonia is split off from asparagine previous to its transformation into 
amino acid nitrogen. 

The amount of ammonia nitrogen in the grain at any stage will 
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be regulated by a two-fold consideration: (1) the rate of its appearance 
in the grain, either by direct transport or regeneration from asparagine; 
(2) the rate of its conversion into amino acids or the precursors of amino 
acids. 

In the earliest stage investigated, the amount of ammonia nitrogen 
in the grain was somewhat greater than that of the amino acid (including 
asparagine) nitrogen. Between days 33 and 43, the reverse held true, 
whilst from day 43 onwards the ammonia nitrogen again appeared in 
excess. Owing to the fact that Foreman’s volumetric determinations do 
not distinguish between asparagine and amino acids, it is unfortunately 
not possible to interpret with certainty these relationships. 

The study of the amounts of the various constituents in the grain 
after day 50, during the desiccation period, is in the writers’ opinion, 
of importance, since here chemical changes have almost ceased and 
whatever nitrogenous substances are found present even in small 
amount may be assumed to be fractions left over from the processes of 
protein synthesis and ‘"fixed” in the dry grain. Thus the study of the 
mature grain must afford a distinct clue to the nature of the nitrogenous 
metabolic changes which go on in the immature stages and the facts 
cited in the introduction to this communication assume a new significance 
when considered from this point of view. It will be noted that in the 
desiccation period, the amount of ammonia nitrogen in the grain definitely 
exceeded that of the amino acid (including asparagine) nitrogen. 

If, as appears probable, the ammonia is regenerated from asparagine 
previous to further change, the question arises as to the manner in which 
it is built up into protein. It is interesting to recall in this connection 
Liebig’s ( 27 ) early suggestion that protein synthesis in the plant arises 
from the interaction of ammonia and sugar. Delbriick ( 28 ) discovered 
that yeast cells developed rapidly when they were placed in a solution 
containing only ammonium sulphate and sugar. It cannot be doubted, 
however, that the mechanism of protein synthesis is much more com- 
plicated than would be suggested by such simple interaction. 

One theory which has obtained loose acceptance suggests that the 
ammonia combines with organic acids in the plant and that the resulting 
ammonium salts pass with loss of water into amides. The latter are then 
by some unexplained mechanism transformed into amino acids. 

Whilst, however, the figures obtained in this and other investigations 
(compare Chibnall, 1924) do not preclude the possibility of the existence 
of “ true amides ” in the plant, yet it must be pointed out that asparagine 
and glutamine (intermediate between “true amides” and amino acids) 
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are the only members of this class which have been isolated with cer- 
tainty. It is further difficult to visualise the mechanism whereby an 
amide of the nature of CHgCONHg can pass into an amino acid of the 
type CHgNHgCOOH, such a change involving the transference of the 
NHg group from one carbon atom to another. It is certain that such a 
change could not be brought about in a simple manner. 

It is much more probable, though direct experimental confirmation 
appears to be lacking, that amino acids in the plant are formed at least 
in part by a reversal of the normal deamination processes. The reaction 
of ammonia with a-hydroxy acids arising from carbohydrate metabolism 
might give rise to a-amino acids. In this way, alanine might be formed 
from lactic acid in the plant. 

CH 3 CHOHCOOH + NH 3 - CH 3 CHNH 2 COOH + H 2 O 
Lactic acid Alanine 

Erlenmeyer and Kunlin (29) were able to effect the synthesis of formyl 
glycine by the action of ammonia on glyoxylic acid, which is known to 
occur in plants. 

A further possibility in connection with the production of amino 
acids in the plant lies in the addition of ammonia to unsaturated organic 
acids. Engel (30) obtained aspartic acid by the action of ammonia on 
fumaric acid, whilst Fischer and Raske(3i) converted jS- vinyl acrylic 
acid into diamino valeric acid. 

It is also not difficult to draw up a scheme illustrating the possible 
method whereby tyrosine is formed in the plant by the addition of 
ammonia to p-hydroxy cinnamic acid in the following simple manner : 

0HC6H4CH:CHC00H 

+ H . NH 2 — > OHCeH4CH2CHNH2COOH 

Such a hypothesis would presuppose the presence of p-hydroxy- 
cinnamic acid in the plant. This is by no means impossible, since 
o-hydroxycinnamic acid is known to be distributed in certain plants 
giving rise to the lactone coumarin, which is responsible for the sweet 
odour of woodruff, the tonka bean and new-mown hay. In the absence 
of direct experimental confirmation, however, such reasoning as the 
above must remain somewhat speculative. 

The changes whereby amino acids are condensed to form protein are 
not difficult to formulate. Nedokutschajew(32) has demonstrated the 
presence of proteoses in the immature grain and Osborne (4) has also 
proved their presence in the ripe kernel. Jodidi and Markley( 9 ) have 
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further shown that the wheat grain contains polypeptides. It follows 
that protein is built up from amino acids through the normal stages of 
polypeptides and proteoses, the agencies concerned in the synthesis 
being the proteolytic enzymes of the grain. As to whether one or more 
enzymes are involved in the elaboration of the different proteins, or 
whether the embryo and endosperm proteins are mutually related, must 
for the present remain uncertain. 

4. Storage of proteins in the grain, {Proteins soluble in dilute NaCl, 
gliadine and glutenine.) Gluten formation. 

With no single sample did the sum of the nitrogen fractions extracted 
from the grain by successive treatment with 1 per cent. NaCl, 70 per 
cent, alcohol and 0*2 per cent. KOH account for the whole of the nitrogen. 
In the last six samples the amount of nitrogen unaccounted for varied 
between 0*59 and 0*69 per cent, (dry matter basis). That this discrepancy 
did not arise from incomplete extraction of gliadine and glutenine is 
indicated by the fact that a similar discrepancy occurred with sample 1, 
in which grain the gluten proteins were only present in traces. The cause 
is probably twofold: (1) the presence of nitrogenous substances in the 
grain which are not dissolved out by these solvents; (2) the incomplete 
rupture of the cells of the outer layers of the grain during grinding up 
with 1 per cent. NaCJ, a fraction of the nitrogen of these layers thus 
escaping extraction. It is scarcely likely, however, that any significant 
part of the nitrogen of the embryo or gluten proteins remains undissolved 
in these processes. 

It is of interest to note that a small amount of gliadine and glutenine 
nitrogen (0-15 per cent, on the dry matter in each case) was present in 
the immature grain of sample 1. A little of the alcoholic extract of this 
sample was poured into distilled water, but the turbidity formed by the 
separation of gliadine was scarcely noticeable. On acidifying carefully 
a portion of the alkaline extract, a very slight turbidity was produced, 
thus confirming the presence of glutenine in traces. 

In the following samples, the percentages of both proteins on the 
dry matter increased, but that of gliadine rose much more rapidly than 
that of glutenine. The alcoholic extract of sample 2 gave an appreciable 
precipitate of gliadine when poured either into distilled water or absolute 
alcohol, but it was not until sample 4 was reached that the alkaline 
extract gave a pronounced precipitate of glutenine on acidifying. Through- 
out the whole trial, however, gliadine was shown to be present in the 
grain in appreciable excess of glutenine. 
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Care was exercised in attempting to detect the stage at which the 
first signs of coherent gluten formation were to be observed during 
grinding up of the grain with 1 per cent. NaCl. The first distinct signs 
were noted in the case of sample 5, corresponding with day 50 after ear- 
emergence, which has already been shown to denote a critical stage in 
the development of the grain in marking the beginning of the desiccation 
period. In sample 6, the glutenous character of the residue after 1 per 
cent. NaCl extraction was very pronounced. 

The first signs of gluten formation therefore corresponded with the 
commencement of desiccation, when the percentage of gliadine nitrogen 
had risen to 0*8 and the glutenine nitrogen to 0*58 per cent, (on the dry 
matter). Thereafter the amount of gliadine nitrogen rose to 1*02 per 
cent, on the dry matter in the mature grain, whereas the glutenine nitrogen 
remained roughly constant. 

It would therefore appear that the presence of a definite amount of 
glutenine is necessary in the grain before gluten formation is possible, 
since in samples 3 and 4, where no evidence of gluten formation was 
obtained, the percentage of gliadine was almost the same as that in 
sample 5, the main difference being that the percentage of glutenine 
was appreciably lower. Since the fraction of nitrogen extracted by 
I per cent. NaCl includes not only albumin, globulin and proteoses but 
also the simpler forms of nitrogen, it is impossible without making 
assumptions to follow the changes in the amounts of the embryo pro- 
teins at the different stages. Assuming the difference between the 
NaCl soluble nitrogen and non-protein nitrogen to give a rough measure 
of the nitrogen of the embryo proteins, it will be noted that the per- 
centages of the latter alter in a different manner from those of either 
the gliadine or glutenine nitrogen. 

Table IV. Showing percentages of NaCl soluble N, gliadine N 
and glutenine N (dry matter basis). 


Number of sample . . . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

/o 

W 

/o 

o/ 

/o 

W 

/o 

o, 

/o 

/o 

o/ 

/o 

/o 

o/ 

/o 

NaCl soluble protein N 

0*96 

0-62 

0*54 

0-21 

0-20 

0-42 

0-32 

0-31 

0-32 

Gliadine N 

015 

0-42 

0-78 

0-80 

0-79 

0-91 

0-90 

102 

1*02 

Glutenine N 

015 

0-26 

0-36 

0-44 

0-58 

0-54 

0-58 

0-54 

0-50 

Table V. Showing amounts of NaCl soluble protein N, gliadine 
and glutenine N in the grains from 100 ears. 

N 

N umber of sample . . . 

1 

2 

3 

4 

5 

0 

7 

8 

9 


gra. 

gm. 

gm. 

gm. 

gm. 

gm. 

gra. 

gm. 

gm. 

NaCl soluble protein N 

0-23 

0*46 

0*58 

0-29 

0*40 

004 

0-43 

048 

049 

Gliadine N 

004 

0'31 

0-85 

1-08 

1-22 

1-38 

1-41 

1-59 

1*58 

Glutenine N 

004 

019 

0-39 

000 

0-90 

0*82 

0-91 

0-84 

0*87 
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Although it would perhaps be unsafe to argue too confidently on 
the NaCl soluble protein nitrogen figures as so obtained, certain general 
features appear to be recognisable. In the first sample, the percentage 
of NaCl soluble nitrogen was n^uch greater than that of either gliadine 
or glutenine nitrogen, but whereas the percentage of the latter underwent 
continuous increase up to day 50, that of the NaCl soluble nitrogen 
showed a corresponding diminution. This behaviour serves to bring out 
the nature of the gluten proteins as reserve materials, a fact which is 
further illustrated in Table V. The embryo proteins, on the other hand, 
do not appear to accumulate continuously in the grain, but appear to 
permit of further change or breakdown after formation. The question 
naturally arises as to whether they function as precursors of the endo- 
sperm proteins. Further speculation on this point, however, will be 
withheld until the completion of a further investigation involving a more 
detailed study of the nitrogenous constituents soluble in dilute NaCl 
solution. 

It will be noted that the proteins of the grain made their appearance 
in significant amount in the following order: NaCl soluble proteins 
(albumin, globulin and proteose), gliadine and finally glutenine. Spitzer, 
Carr and Epple(33) reported a very different result obtained from an 
investigation of the development of the maize grain. They found that 
in maize grain the glutelin protein (corresponding with wheat glutenine) 
appeared first. This was followed by the globulins and albumins, whilst 
zein (corresponding with wheat gliadine) appeared to be formed last. 
These findings point to a very sharp distinction between the nitrogenous 
metabolisms of the grain of maize and wheat. 

5. Crude fat and add values of crude fat. 

The percentage of crude fat (calculated to dry matter basis) was very 
little different in sample 1 (2*12 per cent.) and the mature sample 9 
(2*21 per cent.), although between days 40 and 50 (“constant water 
content” period) the value had risen to a somewhat higher level. The 
actual amount in the grains from 100 ears rose continuously up to about 
day 50 (from 0*5 gm. to about 3*8 gm.), whereafter the amount fell to 
about 3*5 gm. and remained roughly the same up to harvest. 

A study of the acid values shows that the character of the crude fat 
underwent continuous alteration, the ether extract of sample 1 having 
the high acid value of 90*0 {i,e. 45 per cent, of acid reckoned as oleic 
acid). In the ripe sample, the acid value of the fat was only about 19 
(i,e, roughly 9*5 per cent, of acid calculated as oleic acid). It should be 
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mentioned however that the acid values were determined on the ether 
extract of the dried grain (see Critical Survey of Analytical Methods) 
and the possibility of slight hydrolysis of fat occurring during drying, 
especially in the earlier and wetter samples of grain, should not be lost 
sight of. 

Phytosterol appears in the grain at an early stage, since the ether 
extract of sample 1 gave a positive test for this constituent. 

6. Inorganic constituents. Acidity of aqueous extracts. 

The percentage of ash (on the dry matter) decreased uniformly from 
the value of 3*06 per cent, in sample 1 to 1-G9 per cent, in sample 5 
(day 50), the value remaining constant during the desiccation period. 
The amount of ash in the grains from 100 ears increased from 0-72 gm. 
in sample 1 to 2*61 gm. in sample 4. Thereafter the amount remained 
constant, indicating that transport of inorganic materials into the grain 
ceases at the beginning of desiccation. 

The values of the acidity of the aqueous extract resembled those of 
the crude fat acid values in displaying a maximum in the first sample. 
In sample 2 the acidity had fallen from the high value of 12-7 c.c. N to 
4-0 c.c. N (referred to 100 gm. dry grain). From sample 2 to sample G 
the value remained roughly constant, but underwent a further drop in 
the final stages of ripening. 

7. Crude fibre and carbohydrates. 

The percentage of crude fibre in the grain (dry matter basis) was 
greatest in the earliest sample, the value showing a progressive decrease 
during filling of the grain. After day 47, the value remained roughly 
constant. The amount of fibre in the grain from 100 ears increased up 
to day 50 and displayed constancy, within the limits of experimental 
error, during desiccation. 

The constancy of the percentage of total carbohydrates (dry matter 
l)asis) between days 43 and 57 is very striking, the slight fall which 
occurred in the last stages of ripening being attributable to respiration 
effects. The figures in Table III show that storage of carbohydrate was 
complete at the stage corresponding with the beginning of desiccation. 
Starch was shown to be present in every one of the samples. Further 
tests revealed the fact that sample 1 was by far the richest in reducing 
sugars. The reducing power of the aqueous extracts of the grain fell 
markedly in sample 2 and was even less pronounced, though still quite 
definite, in the samples taken during the desiccation period. 

Joum. of Agrio. Soi. xiv 
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In conclusion, the writers have pleasure in acknowledging assistance 
received from Messrs M. Buck, F. J. Aylett and V. Thurlbourn during 
the course of the investigation. 
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THE CHEMISTRY OF THE STRENGTH 
OF WHEAT FLOUR. 


By PHILIP HALTON, Ph.D. 

{From the Institute for Research in Animal Nutrition ^ 

School of Agriculture^ Cambridge.) 

(With Three Diagrams.) 

Wheat owes its enormous importance to certain physical properties 
which are absent in the flours of other cereals, chief among which is 
the capacity of making a coherent dough on the addition of water. 

Different wheats make loaves of different size and texture, a strong 
wheat being defined by Humphries and BifFen(i) as one which yields 
flour capable of making large well-piled loaves. From this definition it 
is seen that the conditions required of a strong flour are two, the first 
being that there must be a sufficiency of sugar or other materials available 
for fermentation and consequent production of gas in the dough, the 
second, that there must be some substance present in the flour which 
is capable of retaining a sufficiency of the gas so generated. The con- 
stituent of wheat flour in virtue of which its dough possesses this quantity 
of gas retaining power is the gluten. Many workers have attempted 
to explain strength in terms of the relative amounts of gliadin and 
glutenin in the gluten, or on the percentage of gliadin in the flour. 

Guthrie (2) considered that flour in which glutenin predominated 
yielded strong, tough, non-adhesive, and elastic gluten. 

Fleurent(3) considered that flour in which gliadin and glutenin were 
in the proportion of 75 per cent, of the former to 25 per cent, of the 
latter, gave the best bread making results. 

Guess (4) considered that strength was associated with a high per- 
centage of gliadin. 

Snyder (6) found that flour to which wheat starch was added or sub- 
tracted to the extent of 20 per cent, yielded loaves very little different 
from those made from the normal flour, and so concluded that it is the 
quality rather than the quantity of gluten which governs the quality of 
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the bread. He also found (6) that the ratio of gliadin to glutenin could 
vary within wide limits without much difference in the strength of the 
flour. 

Wood (7) thought that the gliadin from strong and weak flours might 
differ in chemical constitution, but finding that the percentage of amide 
nitrogen in samples of gliadin extracted from both strong and weak 
flours were the same, concluded that this was not so. Wood next directed 
his attention to the water soluble constituents of the flour, and found 
that neither the acidity nor the percentage of soluble salts gave figures 
proportional to the strength of the flours. He found, however, that the 
nitrogen and ash-free extract, which would consist chiefly of carbo- 
hydrates, was roughly proportional to the baker’s marks. The idea of 
separating strength into at least two factors, that of volume and that 
of shape, each independent of the other, then seemed to him a good 
working hypothesis. He then measured the diastatic capacity of various 
flours by growing yeast in a water suspension of the flour at 37® C. and 
measuring the carbon dioxide given oft*. By this method he found that 
there was a general relation between strength, as shown by the baker’s 
marks, and the volume of carbon dioxide evolved during fermentation, 
thus justifying his conclusion that the capacity of a flour for giving off 
gas when incubated with yeast and water is the factor which in the first 
instance determine^ the size of the loaf. An interesting paper in this 
connection is by Baker and Hulton(S) on the enzymic activities of flour. 
They state that Reychler(9) showed that by treating wheat gluten with 
dilute acid and salt solutions he obtained liquids which possessed dia- 
static power. Baker and Hulton examined several specimens of gluten 
and found that they readily hydrolysed soluble starch. They next 
studied the distribution of diastase in the gluten. After thoroughly 
extracting a sample of flour with 70 per cent, alcohol to remove the 
gliadin the alcoholic solution was evaporated down under reduced 
pressure at 35-40® C. to remove the alcohol, but the matter which was 
in solution was without effect on soluble starch. The residue, which 
consisted of glutenin and starch, had a rich diastatic power. Having 
proved that the amylolytic enzymes will resist alcohol of 70 per cent, 
strength by digesting flour with such alcohol, and then finding its dia- 
static power was unaltered they concluded that there is strong pre- 
sumptive evidence that the glutenin portion of the gluten is that which 
possesses enzymic activity. 

Wood’s next paper (lO) deals with the second factor in strength, that 
which determines the shape of the loaf. The paper deals with the effect 
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of acids and salts on the coherence of gluten. He found that dilute 
solutions of acids quickly disintegrated pieces of gluten placed in the 
solutions, but that salts preserved the coherence of the gluten in acid 
solutions. Wood therefore concluded that it was the acid and soluble 
salt content of the flour which determine the coherence of the gluten, 
and so undoubtedly must have a direct bearing on the power of some 
flours of making shapely loaves. 

J ago (13) finds that 90 times the necessary amount of salt is added 
to overcome the maximum disintegrating effects of say sulphuric acid, 
and so it would seem that there must be some inherent property of the 
gluten itself which determines its strength. 

Work on the strength of flour was next undertaken b}^ Woodman (12) 
who examined the gliadin and gluten fractions of the gluten, using a 
method of procedure he had previously used for the examination of the 
corresponding proteins of cow and ox serum, and cows’ colostrum and 
cows’ milk. The method has its basis in the initial observations of 
Kossell(i3), and of l)akin(ii), that when solutions of protein in dilute 
sodium hydroxide solution are kept at 37° C. they suffer a progressive 
diminution in the value of their optical rotary power. This change is 
attributed by Dakin to a keto-enol tautomerism of the =CH — C^O — 
groups in the protein complex. If the specific rotations of the solutions 
are plotted against the time in hours during which the reaction is allowed 
to proceed, then the readings fall on a perfectly smooth curve. Although 
two proteins might be quantitatively identical with regard to their 
amino nitrogen content they might be two distinct proteins by virtue 
of the differences in order of linkage of the amino acids within the 
protein molecule. Woodman’s work had shown that such differences 
were shown up by comparing the racemisation curves of the two proteins, 
and therefore he used this method to compare samples of gliadin, and 
to compare samples of glutenin obtained from a strong and a weak wheat. 

The two samples of flour were milled from No. 1, Northern Manitoba, 
and from English grown wheat respectively. The method used for the 
isolation of the proteins was in its essentials the same as that described 
by Osborne ( 15 ). He first examined the specific rotations of 2 per cent, 
solutions of the gliadin samples in 70 per cent, alcohol and found that the 
specific rotation of the gliadin from the Manitoba wheat was — 93*60°, and 
that from the English wheat — 93-78°, showing practically no difference. 

The racemisation curves of the two samples were then determined, 
using 2 per cent, solutions in sodium hydroxide solutions of iV/2 and 
iV/4 strengths, but in each case the corresponding curves were identical, 
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thus indicating no differences in the structure of the gliadin samples 
obtained from the Manitoba and English wheats. 

The specific rotations of the glutenin samples, using 5 per cent, 
solutions in iV/25 caustic soda, were then determined. For the glutenin 
from the Manitoba wheat the specific rotation was — 99*5°, while that from 
the English wheat had a specific rotation of — 78-8°. Similar differences 
were obtained by comparing the racemisation curves of 2 per cent, 
solutions in iV/2 caustic soda. 

On further purification of the glutenin samples the same results were 
obtained, and Woodman therefore interpreted his results as demon- 
strating the non-identity of the glutenins from strong and weak flour. 
He suggested that the strong wheat synthesised one type of glutenin, 
and the weak wheat another, whilst wheats of intermediate strength 
might contain varying proportions of the two glutenins. 

Gortner and Sharp (16) arrived at the same conclusion that it is the 
glutenin that is the controlling factor in strength by a different method. 
They measured the viscosity of flour in water suspensions, using a 
MacMichael viscosimeter. They found that all acids increased the vis- 
cosity to a maximum at a hydrogen ion concentration equal to a pH 
of 3*0. The viscosity of water suspensions of strong and weak flours 
could best be compared at this hydrogen ion concentration, the stronger 
flours giving suspensions in water with the higher viscosities. By washing 
the flour with large quantities of distilled water they found that a large 
proportion of the gliadin was washed out, but that very little of the 
glutenin was removed. A suspension of the remaining glutenin and 
starch had a higher viscosity in the presence of acids than before the 
gliadin was removed, from which they inferred that glutenin is the 
protein mainly responsible for the increase in imbibition when flour-in- 
water suspensions are acted upon by acids, and thus is responsible for 
strength in wheat. 

A position was thus reached when further work was needed to 
establish the importance of the glutenin, or alcohol insoluble fraction 
of the gluten, in the problem of the strength of wheat flour. The following 
investigations were therefore carried out with this end in view. Gliadin 
and glutenin were extracted from various samples of flour and examined 
on the lines laid down by Woodman. Altogether six different flours 
were examined, one milled from a Rivet wheat, one from a Durum 
wheat, and four from English grown Fife. Woodman’s results were 
substantiated in that it has been found that the racemisation curves of 
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the gliadin samples from the various wheat flours are the same, while 
the racemisation curves of the glutenin samples differ. It has also been 
found that the specific rotations of the glutenin samples vary according 
to the strength of the flour, the glutenin from the stronger wheat having 
the higher rotation. 

The question then arose as to whether the glutenin from each wheat 
was a single protein different from those of stronger and weaker wheats, 
or whether it consisted of more than one protein. Did the various 
glutenin samples contain mixtures of say two proteins, one associated 
with strength in flour and the other with weakness, the strength of any 
particular flour depending on the proportions in which these two proteins 
were mixed? Experiments were therefore made to see whether the 
glutenin from any one flour could be resolved into different fractions, 
with the result that it has been found that glutenin is not a single 
protein, but consists of at least two fractions differing in their optical 
rotation. The fraction having the higher optical rotation was in pre- 
dominance, which would be expected, as the fractions were obtained 
from the glutenin from a Fife wheat, and, as stated above, glutenin 
obtained from a strong wheat has a higher optical rotation than that 
from a weak flour. A strong wheat would therefore be expected to 
contain a greater percentage of the fraction with the high optical rotation. 

Method of Extraction of toe Proteins. 

The method of isolation of the gliadin and glutenin from the samples 
of flour was somewhat different from that employed by previous workers, 
the differences in technique making the process much shorter. The flour 
was first kneaded in muslin bags under a stream of running water until 
most of the starch had been washed out and the gluten left behind as a 
rubber-like mass. The gluten was then thoroughly washed under a large 
number of changes of distilled water, the washing being greatly helped 
by mincing the gluten up finely so as to expose each time a large surface 
to be washed. The gluten thus obtained was found to contain approxi- 
mately half its weight of water, and so strong alcohol was added in 
sufficient quantity to give with this water alcohol of 70 per cent, strength. 
The gluten was finely minced so that extraction by the alcohol was 
facilitated. The gluten after being extracted several times with 70 per 
cent, alcohol so as to remove the larger part of the gliadin, was squeezed 
to free it from as much alcohol as possible, and was then stirred into 
•2 per cent, potassium hydroxide solution. After stirring and leaving 
for some time a thick colloidal solution was obtained from which the 
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protein was precipitated in a finely divided state on the addition of the 
calculated quantity of hydrochloric acid of normal strength to just 
neutralise the caustic potash. The protein was allowed to settle, the 
supernatant liquid syphoned off, and the remaining liquid separated by 
filtering through large filters. The finely divided protein was then stirred 
into 70 per cent, alcohol which easily extracted a large percentage of the 
remaining gliadin. This process of solution in alkali, precipitation with 
acid and extraction with alcohol was repeated a few times until no 
further gliadin could be extracted. This method of extracting all the 
gliadin was found to be much quicker than the method of exhaustive 
extraction with 70 per cent, alcohol without finely dividing up the 
protein by means of alkali. It was found that the gliadin was unaffected 
by contact with the alkali, samples obtained by the two methods having 
the same optical rotation. 

The gliadin free residue was extracted three times with ether to 
remove fat after which it was stirred into *2 per cent, caustic potash, 
and the solution filtered. The liquid came through water-clear on the 
first filtration, and thus much time was saved as previous workers have 
always remarked as to the great difficulty they experienced in ob- 
taining water-clear solutions of glutenin in alkali. 

The clear alkaline solution of glutenin was then neutralised with 
normal hydrochloric acid until a point was reached when the flocculation 
of the protein took place. The glutenin was allowed to settle, the super- 
natant liquid syphoned off and the remainder removed by centrifuging. 
The glutenin was well washed with 70 per cent, alcohol, finally being 
dried with absolute alcohol and ether, the product being a fine white 
powder. 

The alcoholic solution of gliadin was evaporated under reduced 
pressure to remove the alcohol, and the concentrated solution of gliadin 
was poured into distilled water containing 10 grams of sodium chloride 
per litre. The separated gliadin was washed with distilled water and 
dissolved in 70 per cent, alcohol. The alcoholic solution was filtered 
clear, concentrated by evaporation under reduced pressure and again 
poured into 1 per cent, sodium chloride solution. The gliadin was re- 
dissolved in 70 per cent, alcohol, the solution concentrated and poured 
into absolute alcohol. The separated gliadin was dissolved in 70 per cent, 
alcohol, the solution concentrated and the gliadin precipitated by pouring 
into a mixture of absolute alcohol and ether. The gliadin was finally 
washed with absolute alcohol and then ether, the product being a fine 
white powder. 
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Examination of the Gliadin sampler. 

One gram of the sample was placed in a small flask, 10 c.c. of 70 per 
cent, alcohol were added in which the gliadin dissolved. 25 c.c. of normal 
caustic soda solution were then gradually added, giving the flask, with 
the contained gliadin solution, a circular shaking movement so that 
each drop of alkali was quickly mixed with the alcoholic solution so as 
to prevent precipitation of the gliadin. Finally 15 c.c. of distilled water 
were similarly added, and the flask placed in an incubator kept at 37° 0. 



Diagram 1. Racemisatioii curves of gliadin samples. 

At the end of one hour, the flask was taken from the incubator and 
cooled rapidly under the tap. The optical rotation of the solution was 
then determined in a decimetre polarimeter tube, using a Schmidt and 
Haensch instrument, and sodium light. The nitrogen was determined 
in two 10 c.c. samples of the solution by the Kjeldahl method, from 
which the concentration of gliadin in the solution was found by multi- 
plying the nitrogen concentration by the factor 100/17*66. Thus the 
specific rotation of the gliadin solution could be calculated. The optical 
rotation was measured at stated intervals for ten days. The racemisation 
curves were then drawn, showing the relation of the specific rotation of 
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the solution to the logarithm of the time in hours, the logarithm of the 
time being used to obtain a more compact graph. Unfortunately the 
incubator was found not to be very accurate, so the experimental errors 
in these curves were greater than would be desired. In obtaining the 
racemisation curves of the glutenin samples a water thermostat was 
used which kept a temperature constant to within less than C. The 
racemisation curves for the glutenin samples were determined after those 
of the gliadin samples and so are more accurate for another reason, this 
being that readings could be taken on the polarimeter with greater 
precision after practice. However, it will be seen from the curves on 
Diagram 1 that although they are not identical, they intertwine and 
vary by little, from which it is concluded that within experimental error 
the curves show that there is no difference in the chemical constitution 
of the various samples of gliadin. The gliadin obtained from the Rivet, 
Durum and two samples of English grown Fife were examined in this 
way. Thus strong and weak wheats contain the same gliadin. 

Examination of the Glutenin samples. 

One gram of the sample was placed in a small flask with 1 c.c. of 
distilled water and left so that the protein was well wetted and softened. 
25 c.c. of normal caustic soda solution were then added and the flask 
placed in the water, thermostat for 15 minutes, at the end of which 
time 24 c.c. of water were added and the flask left at 37® C. for another 
45 minutes. At the end of the hour the flask was taken out and rapidly 
cooled under the tap. The optical relation of the solution was then 
calculated, using the factor 100/17*49. Thus the specific rotation of the 
glutenin was calculated. The optical rotations were measured at intervals 
for ten days, after which the racemisation curve was drawn, showing 
the relation of the specific rotation of the glutenin to the logarithm of 
the time in hours. 

On Diagram 2 the curves will be seen for glutenin samples obtained 
from Rivet wheat. Durum wheat and three samples of Fife grown re- 
spectively at Royston, Cambridge and Saxmundham. 

It will be seen from the curves that the glutenin samples obtained 
from the Royston and Cambridge grown Fifes have much higher specific 
rotations than those of the glutenin samples from the Rivet and Durum 
wheats, while the specific rotation of the glutenin sample from the 
Saxmundham grown Fife is intermediate, being nearer those of the 
glutenin from the weaker wheats. 

These three samples of Fife wheat were grown from seed obtained 
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from Fife wheat grown successively for 21 years in England. In a report 
on these wheats issued by the National Association of British and Irish 
Millers in August 1923, this Saxmundham grown sample is stated to be 
inferior to the samples grown elsewhere, its strength judged by appear- 
ance being little better than well-grown English wheat. 



Diagram 2. llaccmiaatioii curves of gluteiiin samples. 

A numerical expression of the relative values gives the figures; 

Royston, 100. Cambridge, 95. Saxmundham, 75. 

The volume of the loaf baked from it is also smaller than that of loaves 
baked from the other two. Thus it is seen that the values obtained for 
the specific rotation of glutenin samples obtained from various wheat 
flours run in the same order as the strength of the flours, the greater 
the strength the higher being the specific rotation of the glutenin. 

Expekiments with the Glutenin from Kirton 
GROWN Fife wheat. 

Having shown that the glutenin samples obtained from wheats of 
various strengths differ, the question arose as to whether each sample 
of glutenin was a single but different protein, or whether it was a mixture 
of two or more proteins. 
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To settle this point an attempt at fractional precipitation of the 
glutenin from an alkaline solution was made. A clear alkaline solution 
of the glutenin from a sample of English grown Fife from Kirton was 
prepared. The solution was divided into two lots and the whole of the 
work outlined below carried out in duplicate, the same results being 
obtained in each case. Normal hydrochloric acid was then added drop 
by drop, stirring and leaving for a minute after the addition of each 
drop. The liquid gradually became more and more turbid until a point 
was reached when the protein separated out in a flocculent state. 

The protein was allowed to settle down to the bottom of the con- 
taining vessel, when the supernatant liquid was syphoned off. This 
perfectly clear solution was then gradually made more acid, as before. 
It gradually became more and more milky in appearance until a point 
was reached when a second flocculation of the protein occurred, this 
second sample being much less than the first. This sample was allowed 
to settle out, the supernatant liquid syphoned off, and further acid 
added. No further precipitation of protein, however, occurred. The 
difference in the flocculation points of the two samples of glutenin corre- 
sponded to the addition of 3*8 c.c. of normal hydrochloric acid per litre 
of solution. 

The two samples of protein were well washed with 70 per cent, 
alcohol and finally dried with absolute alcohol and ether. 

The nitrogen content of both samples was estimated on a moisture 
and ash-free basis. The first sample contained 17*38 per cent, of nitrogen 
and the second 17*42 per cent, of nitrogen, a difference of only *2 per 
cent, from each other, and a mean difference of only *5 per cent, from 
Osborne’s figure of 17*49 per cent, nitrogen for pure glutenin. The two 
samples, therefore, had the same nitrogen content, and both were pure. 

The racemisation curves of 2 per cent, solutions in A/2 caustic’soda 
were then determined, with the following results: 

Specific rotations 


Time in hours 

1st sample 

2nd sample 

1 

-82-6 

-781 

5 

-76-35 

-701 

9 

-73 4 

-66-8 

24 

-64-3 

-59-3 

48 

-571 

-51-2 

72 

-521 

-46-8 

96 

-48-7 

-42-5 

144 

-45-0 

-39-3 

192 

-39-35 

-35-2 

240 

-38-4 

-31-4 


From the above data and from the corresponding curves in Diagram 3, 
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it will be seen that the two samples of ghitenin differ appreciably in their 
optical rotation, thus proving that the alcohol insoluble fraction of the 
gluten does not consist of a single protein, but of at least two proteins 
which must differ in their chemical constitution. 

A first fractionation was only attempted, so it is very doubtful 
whether complete separation was attained. 



Diagram 3. Raoomisat ion curves of glulenin samples from Kiri on grown Fife Wheat, 


CONCLUSTON. 

From the work outlined above it is seen tliat the alcohol insoluble 
fractions of the glutens isolated from wheat flours of dilTerent strengths 
vary in their specific rotations, the protein from the flours of greater 
strength having a greater specific rotation than the protein from flours 
of less strength, specific rotiition and strength running i)arallel to one 
another. 

It is next seen that the alcohol insoluble fraction of the gluten is 
not a single protein, but consists of at least two proteins, differing in 
their optical rotation. The flour, from which the two fractions of glutcnin 
were obtained, was a strong one, and five times as much of the fraction 
with high specific rotation was obtained as of the fraction with low 
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specific rotation, this being in keeping with the correlation of strength 
and high specific rotation. 

It thus seems that strength is associated with a glutenin of high 
specific rotation, while weakness is associated with a glutenin of low 
specific rotation. The work is of course incomplete and further research 
is needed to confirm this point. The results, however, so far obtained 
are important, and together with further work should throw considerable 
light on the problem of the strength in wheat flours. 


Specific Rotations of Gliadin Samples in Nj2 Caustic Soda, 


Time in 

Cambridge 

Saxmundham 



hours 

grown Fife 

grown Fife 

Durum 

Rivet 

1 

-1001 

- 

99-2 

-990 

- 99*1 

5 

- 92*9 

- 

93*6 

- 92-2 

- 92*6 

9 

- 86-9 

- 

88-7 

- 85*9 

- 88-6 

24 

- 791 

- 

77-0 

- 77*4 

- 79-4 

48 

- 73-7 

- 

700 

- 70-2 

-731 

72 

- 68-9 

_ 

69-7 

- 67-2 

-691 

96 

- 67-1 

_ 

65-2 

- 64-3 

- 66-4 

170 

- 60-5 

_ 

63-2 

- 55-9 

- 69-7 

240 

- 51*5 

- 

50-8 

- 51-8 

-53 

Specific Rotations of Glutenin Samples in 

iV/2 Caustic Soda. 

Time in 

Royston 

Cambridge 

Saxmundham 



hours 

grown Fife 

grown Fife 

grown Fife 

Durum 

Rivet 

1 

- 81-3 

- 81*5 

- 74 -. 3 r ) 

-721 

- 73-2 

5 

- 78-5 ' 

-760 

-691 

- 66-6 

- 65-4 

9 

- 72-5 

-721 

- 64-5 

— 

-620 

24 

-67 6 

- 63-3 

- 58-45 

- 62-5 

- 54-3 

48 

- 67-8 

- 56-8 

- 49-4 

- 47-0 

— 

72 

- 53*3 

- 51*7 

- 44-0 

— 

-370 

96 

- 49-8 

- 46*7 

- 40-4 

-370 

- 35-2 

144 

- 45-2 

- 42*9 

— 

-330 

- 30-5 

192 

- 42-5 

- 39-8 

-331 

- 29-3 

— 

240 

-400 

- 36-7 

- 31-3 

— 

— 
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STUDIES IN THE METABOLISM OF THE RUMINANT 
BY INDIRECT CALORIMETRY. 


IV 

THE INFLUENCE OF FOOD ON THE ENERGY 
EXCHANGE OF THE GOAT. 

By H. E. MAGEE. 

{From the Rowett InMitute, Biicksburn, Aberdeen,) 

(With Six Text-figures. ) 

The effects of food ingestion on the total energy exchange of man and of 
the dog have been fairly completely worked out. Lavoisier was the first 
to show that the oxygen absorption and carbon dioxide production were 
increased by ingestion of food. Rubner, in addition to confirming these 
observations of Lavoisier, showed that the heat given off from the body 
after food was equal to the heat evolved from the foodstuffs actually 
oxidised within the body and thus established the agreement between 
direct and indirect calorimetry. He showed, further, that the increase 
in heat production was greatest after protein food. This specific effect 
of protein food he designated the “specific dynamic action.” The work 
of Rubner has been continued by, amongst others, Magnus-Levy, 
Benedict, and Lusk. The latter showed that the specific dynamic action 
of proteins is due to the special stimulating effect of certain amino-acids 
on the tissues and that the increased heat production after fat and 
carbohydrate ingestion is due to plethora of oxidisable molecules round 
the living body cells. Recently Wood and his school (i) have carried 
out investigations on the metabolism after food in pigs. 

All the above investigators have worked with non-ruminant animals. 
There are no records in the literature of experiments of a similar nature 
on ruminants. Armsby and Fries (2) have, it is true, studied the meta- 
bolism of cattle after food; but their objective was chiefly the establish- 
ment of the “metabolisable energy value” of different foodstuffs rather 
than the physiological effects of their ingestion. Most observers in this 
field conducted their experiments by means of chamber methods which 
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are only capable of recording the metabolism in experiments of long 
duration. In this way transitory effects of the ingested food may have 
been entirely missed. The Douglas-Haldane method of indirect calori- 
metry is eminently adaptable for metabolic determinations at short 
intervals, so that it is possible by this technique to estimate most, if 
not all, of the temporary variations in metabolism after food. 

The object of this investigation was to determine the effects of 
different proportions of the three classes of energy-giving foodstuffs on 
the energy exchange of the goat by estimating the metabolism at short 
and regular intervals after food. The results obtained would also, it 
was hoped, throw some light on the processes of digestion and assimila- 
tion and on the fermentation of food in the rumen. 

Experimental Part. 

The experiments formed four separate investigations. The first was 
a study of the effects of mixed food, the second of high protein food, 
the third of high carbohydrate food and the fourth of high fat food on 
the metabolism of the same animal. 

The goat was pregnant when work was begun and a kid was born 
when the first group of experiments was about half completed. The 
experiments were resumed two weeks after delivery. The animal was 
kept in good condition by adequate daily exercise and its weight was 
taken daily at the same hour. In each experiment recorded the goat 
was standing at rest and all gross muscular movement was absent. If 
this were not attainable the experiment was abandoned. All the results, 
therefore, pertain to the minimum functional activity obtainable under 
the circumstances. 

The Diets. In each investigation a basal ration was given daily at 
5 p.m. which consisted of hay ad lib. In the case of the first investi- 
gation 500 grams of turnips and 200 grams of maize were given in 
addition as part of the evening meal. The reason for this variation was 
that it was decided to regard the effects of mixed food as standard, so 
that both the morning and evening feeds were of a mixed nature. Another 
meal was given daily at 9 a.m. It consisted of the foodstuffs whose 
effect on metabolism was the subject of investigation and was so com- 
pounded as to be of a mixed nature or to contain a high proportion of 
protein, of carbohydrate or of fat, according to the investigation. It 
was necessary also to ensure that the food was palatable and that it 
contained some indigestible matter. Both morning and evening feeds 
combined were so arranged by previous trials as to suffice for main- 

JoniBu of Agrio, Sol xiy 39 
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tenance. The morning feeds were not varied during the course of the 
investigations and only slight alterations were ever necessary in the 
evening feeds. Administration of the appropriate dietary dated from 
a week before the commencement of each group of experiments, so that 
before any results were recorded the animal had been quite adapted 
to the food. 

The morning or experimental meals will be subsequently referred to 
as the “mixed diet,” the “protein diet,” the “carbohydrate diet” and 
the “fat diet,” respectively, while the evening meals will be known as 
“the basal rations.” In Table I the caloric values of the four “basal 
rations ” are shown. 

Table I. 

High High 

Diet ... Mixed protein carbohydrate High fat 

Calories ... 1783 1017 about 1271 1271 

In Table II the particulars of the diets are tabulated. 

Table II. 


Constituents 

Mixed diet : 

Total 
weight in 
grams 

Digestible 

protein 

o/ 

/o 

Digestible 

carbohydrate 

% 

Digestible 

fat 

/o 

Calories 

Hay, Turnips, Oats 
Protein diet: 

800 

202 

20-0 

0*81 

602-7 

Dried Yeast, Oatmeal, 
Bran 

Carbohydrate diet : 

410 

25-3 

39-4 

2-5 

1100 

Maize, Rice, Barley 

Fat diet : 

450 

60 

60-5 

4-6 

1398 

Peanuts (ground). Oats 

272 

151 

33-4 

21-5 

1066-4 


The Method. Each day two metabolic determinations designated 
“basal” were made before 9 a.m., i.e. about 15 hours after adminis- 
tration of the evening meal. The diet to be studied was given at 9 a.m. 
At half-hourly intervals from 9.30 a.m. the metabolism was estimated 
for from 5| to 7J hours after eating. The other experimental conditions 
in both ante, and jpost, cihum experiments were exactly similar and have 
been described more fully in an earlier paper (3). At least ten values for 
each half-hourly interval after food were obtained, a number which 
previous experience had shown to be desirable to secure a reliable average. 

Determination of Base Line. As pointed out by Krogh and Lindhard (4) 
it is preferable to take as the base line the average of all the basal values 
obtained rather than to take each daily basal value as a separate base 
line for that day. The former procedure was adopted for all the basal 
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values except those of the mixed diet. During this investigation par- 
turition occurred and the basal metabolism was, as has been pointed 
out (3), a variable value. In the ante partum period it was increasing from 
day to day and in the post partnm period decreasing from day to day. 
This difficulty was overcome by constructing graphs of the basal meta- 
bolism during the investigation (Fig. 1). 



April May 



26^^281 3 5 7 9 11 13 15 17 19 21 23 

V-<^J V 2 4 6 8 10 1^2 14 16 18 20 22 J 

February ^ 

March 


Day of month 


Fig. 1. 


The basal values are ordinates and the days of the month abscissae. 
Straight lines were obtained by drawing as evenly as possible through 
the points. It will be seen that the average deviation of the points 
from the respective curves on the upper side is approximately equal to 
the average deviation from the same curve on the lower side. The 
curves, therefore, are an approximate representation of the basal meta- 
bolism during the investigation and are more reliable for comparative 
purposes than the day to day findings. 


39—2 
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Compilation of Results, The results of the investigations on the 
protein, carbohydrate and fat diets were appropriately tabulated and 
then averaged. Thus there were obtained for each of these diets the 
average basal values of the tissue heat, the R.Q. and the fermentation 
heat and also average values of the same for each half-hourly interval 
after food. Curves were then plotted with these values as ordinates and 
the time after food as abscissae (Figs. 4 to 6). As an example the tissue 
heat results for the carbohydrate diet are shown in Table III. 


Table III. High Carbohydrate Diet. Tissue Heat in cals, per hour. 

Time after food in hours 


Basal 

i 

] 

4 

2 

2i 

3 


4 

4 

6 

4 

50-7 

61-7 

65-3 

54-5 

56*6 

54-2 

55-3 

52-2 

58-4 

69-8 

69- 1 

60-4 

660 

54-5 

46-3 

560 

56-2 

65-8 

56- 1 

54*8 

62*6 

59*3 

68-0 

60-2 

60-2 

68-9 

32-7* 

38*0 

520 

53- 1 

50-0 

51-7 

52-0 

59-7 

63-5 

61-6 

62*2 

57*2 

600 

60-8 

64-9 

49-8 

48-1 

48-3 

51-5 

52-8 

62-6 

63*2 

67-9 

64-3 

69-9 

63-3 

52-4 

63*3 

51-5 

67-4* 

54*8 

68-6 

62-3 

64-5 

59-7 

67-9 

59-7 

66-9 

66* 1 

47-3 

49*6 

56-2 

58-5 

53- 1 

59-8 

61-2 

66-3 

60-5 

69-3 

69*3 

69*6 

62-3 

50-3 

410 

61*7 

62-5 

58-4 

61*8 

60- 1 

58-7 

60-4 

63- 1 

54-2 

67-7* 

60*2 

51-7 

51*3 

55- 1 

57-5 

67-4 

54-6 

59-3 

55 - 5 * 

690 

62*3 

69-0 

69-3 

62*2 

59-3 

56-2 

57-8 

59-7 

59-3 

570 

56-9 

525 

61-3 

63-8 

69-3 

62-6 

61-3 

45-8 

48*3 

52-8 

51-8 

52-6 

480 

62-6* 

62-4 

56-9 

630 

551 

650 

59-4 

54*9 

5M 

55- 1 

53-4 

— 

57-8 

601 

68-6* 

571 

69*6 

690 

65-6 

— 

59- 1 

40-7 

— 

— 

— 

— 

59-6 

— 

— 

— 

— 

— 

— 


520 50-7 

62*3 51-2 

49- 5 43-2 

5M 470 

50- 9 62-3 

50-9 62-3 

Av.... 50-8 54-8 555 54-6 55 1 581 60-4 59-9 61-6 68*3 58-7 580 

* Rejection. 

In the case of the mixed diet it was impracticable to average either 
the basal metabolism or the gross after-food metabolism owing to the 
effects of the pregnancy and puerperium factors. The increments were, 
however, obtainable by deducting the basal metabolism from the appro- 
priate after-food metabolism. In this way the increments at each half- 
hourly interval after ingestion were secured and averaged as above. It 
is evident, however, that the average increment so obtained for, say 
7^ hours after food, represents the influence of the pregnancy and 
puerperium factors in addition to the food factor for a period of 7 J hours. 
It was estimated from the curves in Fig. 1 that when the six values of 
the ante partum period are combined with the five of the post partum 
period the net average effect of the pregnancy minus the puerperium 
factors for 7| hours was -|- *04 calorie per hour. This value had then 
to be subtracted from the value at 7| hours after food in order to obtain 
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the increment due to food. Since the correction decreases as the interval 
approaches zero time after food, and, because it is insignificant in amount, 
it was dispensed with. 

It was possible to average the R.Q. values, both basal and after-food, 
in the ante jpartum period, as the pregnancy factor had apparently no 
significant progressive effect on the R.Q. The puerperium factor also 
had no significant progressive effect on the R.Q.; but as there were 
certain differences in the results before and after parturition they were 
averaged separately in the manner described under the other diets. For 
similar reasons the fermentation heat results were treated likewise. 
Curves were then plotted as above from the average values obtained 
(Figs. 2 and 3). 

In obtaining the mean the principles laid down by Gephart, Du Bois 
and Lusk ( 5 ) were employed, but these were superfluous in the case of 
the R.Q. values, which were averaged in the ordinary way after dis- 
carding values showing gross departure from the general trend. 

Comparison of Diets. 

In Table IV a comparison of the characteristics and effects of the 
four diets has been made. The chief points of interest in the results of 
each investigation are here shown in a condensed form. From the fore- 
going it will be clear that it was impossible to calculate the percentage 
increments in metabolism in the case of the mixed diet. The average 
basal metabolism value in the table, 37*7 calories per hour, is that 
obtained in the last four days of the post parlum experiments when the 
metabolism had become steady. The R.Q. and fermentation heat values 
were, however, calculable on a percentage basis; but only the postpartum 
values were employed for this purpose as they were considered more 
desirable for comparison. 

Physical Characteristics, It will be seen that the mixed diet was the 
heaviest and most bulky and the fat diet the least so, while the protein 
and carbohydrate diets were approximately equal in both respects. The 
protein and fat diets were equal in caloric value while the carbohydrate 
diet was 30 per cent, higher and the mixed diet 40 per cent, lower. 

Effects on Metabolism. The animal’s basal metabolism was highest 
on the carbohydrate diet and lowest on the mixed diet. An explanation 
of the former unexpectedly high figure is to be found in the fact that 
the animal was ''in heat” during nearly the whole of this investigation. 
Presumably the amount of the food increment was not influenced thereby. 
Excluding this abnormal figure the highest basal rate is that for the 
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protein diet. Thus the “secondary eifect” of high protein feeding of 
Eubner is demonstrated in the ruminant as has been often shown by 
many observers in non-ruminant animals (Lusk (6), Cathcart and Orr(7) 
and others). 

The maximum increment observed was greatest after the protein 
diet, 13*5 calories per hour or 28*8 per cent, above basal. It was next 
greatest after the fat diet. It is unfortunate that, owing to the absence 
of the percentage figures, the mixed diet results could not strictly be 
compared with the others. It will be noticed, that the maximum incre- 
ment of the mixed diet occurred at hours or an hour earlier than 
after the fat diet whose maximum increment appeared the next earliest. 

The figures in the seventh column again bring out the pronounced 
effect of protein on heat production. The average increment for 5| hours 
is greatest for this diet and next greatest for the fat diet, which, as 
observed, was fairly rich in protein. 

The increment after the first half-hour was greatest for the protein 
diet, next greatest for the mixed diet and least for the carbohydrate 
diet. Similar remarks apply to the increment after 2| hours. 

The rapid falling off in the effect of the mixed diet, and of the carbo- 
hydrate diet to a much less extent, is brought out in the tenth column. 

Effects on the R,Q, The basal R.Q. is highest on the carbohydrate 
diet. This confirms the findings of Benedict and Higgins (8) who showed 
that a carbohydrate meal raises the R.Q. in the succeeding post ab- 
sorptive state. 

It is noteworthy that the highest R.Q. obtained, *88, was after the 
fat diet and that those after the protein and carbohydrate diets were 
almost equal. 

The figures in the thirteenth column show that the average R.Q. 
for 5| hours was equal in the cases of the fat and carbohydrate diets. 

The average R.Q. for 2^ hours to 5| hours inclusive is highest for 
the carbohydrate diet but only *01 higher than that of the fat diet, the 
next highest. This period, as will be explained later, corresponds with 
the time of maximum absorption of the mixed, protein and carbohydrate 
diets. The corresponding period for the fat diet was from the first to 
the fourth hour. The average R.Q. of this period was *84 or *02 higher 
than for the carbohydrate diet. 

Effects on Fermentation. The basal fermentation heat is highest for 
the carbohydrate, and next highest for the protein, diet. Evidently the 
quality of the food has an influence on the excretion of fermentation 
gas 24 hours after ingestion. 



608 Metabolism of the Ruminant by Indirect Calorimetry 

The average fermentation heat for 5 J hours is greatest for the carbo- 
hydrate diet and somewhat less for the protein diet, but the percentage 
increment over basal is much the greatest for the latter. The figures 
in columns 15 and 16 together with those in the last column, which 
represent the fermentation heat due to the diets as distinct from the 
basal ration, indicate that the concentrated diets induced greater fermen- 
tative activity in the basal rations and themselves fermented more 
thoroughly, than the mixed diet. Starchy foods also seem to ferment 
more thoroughly than other concentrates. This opinion confirms that 
of Armsby and Fries (2) and of Kuhn(9) who found that the more carbo- 
hydrate a ration contained the more extensive was the fermentation. 

From the seventeenth column it is evident that the protein diet 
caused a much more rapid expulsion of accumulated gas than the other 
diets. 

Discussion op Eesults. 


The following points of interest will be apparent after inspection of 
the curves and the foregoing comparison table. 



Time after food in hours 


Pig. 2. Mixed diet. 



Calories per hour 
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Time after food in hours 

Fig. 3. Mixed diet. 



Calories per hour 




H. E. Magee 


611 


I 

The metabolism curves of the mixed, protein, and carbohydrate diets 
are strikingly similar for the first hours. After the increase at the 
first half-hour the metabolism remains almost at the same level for the 
next hours, then all three curves show a big rise at 2| hours. These 
facts are suggestive of a fundamental difference between the metabolic 
response to food in ruminants and that in omnivora and carnivora. In 
the latter the post cibum metabolism curves that have been described 
show, generally, a gradual and uninterrupted increase to a maximum 
and then a gradual decline. The maximum increment, in addition, often 
appears soon after ingestion. Thus, LuskciO) obtained a maximum incre- 
ment of 88 per cent, in the dog between two and three hours after a 
meat meal, Benedict and Carpenter (ii) one of 21 per cent, in man two 
to three hours after a banana- mixture meal, and Magnus-Levy(]2) one 
of 33 per cent, in man an hour after a meal of bread. It is true the 
maximum increment appeared at 2| hours after the mixed diet. But 
this departure from the type of the curves of the protein and carbo- 
hydrate diets is obviously due to the low caloric value of the mixed 
diet which was unable to maintain the metabolism at a high level for 
long. Furthermore, the available calories of the mixed diet were con- 
tained principally in the roughage, and the necessity for extensive fer- 
mentation prevented the early entrance of soluble products into the 
metabolic field in considerable amount. It was not so in the case of the 
protein and carbohydrate diets whose maximum increments appeared 
at the fourth and fifth hours respectively. The pronounced increase at 
2 J hours is a definite landmark in the post cibum metabolism curves of 
these three diets. The possible causes for the increased metabolism up 
to this time will now be discussed. 

1. The delayed effects of mastication cannot be held responsible, 
for the animal was never observed eating when the first sample of 
expired air was about to be drawn off. 

2. The theory that the “work of digestion” occasions any increase 
in heat production is no longer tenable for the following reasons. 

If the theory is sound the heavier and bulkier the meal the greater 
should be the increase in metabolism. In the present investigation this 
was not found to be so. The protein and carbohydrate diets were equal 
in bulk and the latter a little heavier than the former but considerably 
higher in calorie content. Nevertheless, at no point in the metabolism 
curves did the carbohydrate diet produce as great an increment as the 
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protein diet. Again, the mixed diet was three times as heavy as, and 
several times more bulky than, the fat diet. Yet the latter produced 
a greater maximum and a greater average increment in metabolism than 
the former. Furthermore, Benedict and Emmes(i3) have shown that 
sodium sulphate and agar-agar, and Benedict and Carpenter (14) that 
large quantities of warm water have no influence on metabolism. These 
agencies increase the peristaltic activity of the alimentary canal. 
Lusk (15), too, demonstrated that extract of meat and urea and sodium 
chloride were without influence on metabolism. These substances stimu- 
late the secretory and absorptive functions of the alimentary canal. 
There does not appear, therefore, to be any substantial basis for belief 
in the stimulating effect on metabolism of the so-called “work of 
digestion.” 

3. It may be claimed that the initial increase in metabolism is due 
to stimulation of cell activity by the absorbed digestion products of the 
diets. If this were so it is curious that the metabolism should have 
remained practically stationary for two hours after ingestion, and also 
that changes in the R.Q. corresponding to the nature of the diet were 
not observed. As shown below, the changes in the R.Q. up to 2| hours 
have little if any relation to the oxidation of the diets ingested ; so that 
the operation of some other stimulant of metabolism is extremely 
probable. 

4. For reasons given below it is probable that the increase in meta- 
bolism for the first two hours after the three diets under consideration 
is due to nervous or hormone stimulation of cell activity as the imme- 
diate effect of the ingested food. 

(a) The feeling of warmth and well-being after ingestion of a good 
meal when hungry comes on almost immediately, a phenomenon that, 
owing to its early onset, does not appear easy of explanation by the 
specific dynamic action of the food. 

(b) Dmitrenko(i6) inflated the dog’s stomach svith a balloon and 
observed an increase in pulse rate and blood pressure as a result. 

(c) Maydell(i7) isolated a “secretin” from the dog’s stomach and, 
on injecting it into the blood, dilatation of blood vessels amongst other 
results ensued. 

All these facts appear interrelated and seem to add weight to the 
above contention. Furthermore, the fact that the initial increment was 
greatest after the protein diet and next greatest after the mixed diet is of 
importance, in that the protein diet was one rich in gastric secretogogues, 
and the mixed diet one that caused distension of stomach and rumen. 
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II 

The behaviour of the R.Q. after all four diets is noteworthy. In the 
first place the R.Q. up to three hours after the first three diets and up 
to IJ hours after the fat diet will be considered and then the remaining 
sections of the curves. 

1. All four curves rise sharply at the first"half-hour and then fall 
again more or less sharply. These changes bear little apparent relation 
to the oxidation of the ingested diets. Thus the R.Q. was *85 at half- 
an-hour after the protein diet and the same at half-an-hour after the 
carbohydrate diet. The former fell, it is true, to *83 at the next interval 
and to ‘82 at the second hour; but the highest point reached by the 
latter was *86 at one and hours, and it fell again to -8*5 at the second 
hour. Therefore, some other factor was most probably responsible for 
these changes in the R.Q. 

Dodds (18) and Bennett and Dodds(i9) have shown that, after food, 
the concentration of alveolar COg rises above the fasting level during 
gastric secretion and falls during pancreatic secretion, and that the rise 
and fall are best marked after foods rich in gastric secretogogues. It is 
reasonable to assume that a rise in alveolar COg should produce a rise 
in the R.Q. and the converse a fall. It will be noticed that an accelera- 
tion in the fall of the R.Q. occurs at 3 hours after the protein diet, at 
2| hours after the carbohydrate diet and at hours after the fat diet, 
i.e. at times corresponding to the commencement of the secondary 
increase in metabolism after the protein and carbohydrate diets re- 
spectively, and to a significant increase in metabolism after the fat 
diet. When the first considerable rush of digestion products into the 
blood occurred duodenal digestion must have been proceeding apace. 
Therefore, the above-noted accelerations in the fall of the R.Q. occurred 
about the time of the commencement of duodenal digestion of the 
respective diets. The absence of an acceleration in the fall of the R.Q. 
after the mixed diet can be explained by its high roughage content 
which was held back in the rumen to ferment. It is evident, therefore, 
that the rise and fall in the R.Q. may be attributed cliiefly to the effects 
of the digestive cycle, and that the acceleration in the fall coincident 
with a considerable increase in the metabolic rate, marks approximately 
the time when duodenal digestion was at its height. It seems, therefore, 
that in the case of the first three diets the entry of the first considerable 
amount of food into the intestine commenced at about 2| hours, and in 
the case of the fat diet at about an hour, after ingestion. 
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2. For the remaining portion of each curve the low level of the 
R.Q. is remarkable. As already explained the average R.Q. during the 
hours of maximum oxidation was highest after the fat diet. The average 
R.Q. after the carbohydrate diet was *82, which is too low for the oxida- 
tion of glucose. Two explanations are offered. 

{a) When cellulose ferments, organic acids of the average composition 
of butyric acid are formed (Markoff (20)). It has been seen that all 
foods, and particularly concentrates, ferment in the rumen, producing 
most probably, acids like butyric and lactic and their salts. The com- 
bustion R.Q. of butyric acid is *80; but if an alkaline salt is oxidised 
and a bicarbonate formed the R.Q. is only *60: — 

C3H7COOK + 5O2 - KHCO3 4- SCO., + SHgO. 

Lusk (21) points out that the similar oxidation of sodium lactate gives 
a R.Q. of *67. If alcohols are formed from the fermenting food, as does 
not seem improbable considering that they have been discovered recently 
in the culture media of an intestinal organ jsm (Khouvine(22)), they also 
would give a low R.Q. As will be shown below, fermentation gas com- 
menced to be evolved from the food from 2 to 3 hours after ingestion. 
The soluble products that were then set free by fermentation would on 
oxidation give rise to a low R.Q. After the carbohydrate diet some 
glucose set free from starch that escaped fermentation was most probably 
being oxidised from hours onwards. Consequently the R.Q. is higher 
than during the corresponding period after the protein or mixed diet. 

(b) Lusk ( 23 ) suggests that the cause of the increased heat after carbo- 
hydrate ingestion is the plethora of acetaldehyde molecules round the 
body cells. It is just possible that in the ruminant aldehyde is formed 
from the fermentation products as well as from glucose. It follows from 
the work of Hill ( 24 ) and his school that the working muscle uses up 
lactic acid. It is extremely probable that the combustion occurs in stages 
with the formation of intermediaries. If lactic acid is heated acetalde- 
hyde and formic acid are formed : 

CHaCHOHCOOH-^CHgCHO + HCOOH. 

As the organic acids set free in the rumen are most probably absorbed 
in the form of salts, the above change, if it occurred in the animal, 
would result in the formation of a formate. The interaction of the 
formate with absorbed butyrate would give another molecule of aldehyde : 

C3H7COOK 

+ — ^C3H7CH0 + KaC08, 

HCOOK 
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The combined R.Q. of equimolecular amounts of acetic and butyric 
aldehyde is *76, so that if these assumptions are correct they offer an 
explanation for the low R.Q. and the increased metabolism during 
absorption of carbohydrates. 

III 

The results of the fat diet can be seen to differ in many important 
p€^rticular8 from those of the other diets. The divergencies may be 
explained as follows. 

The fat diet compared with the others was of very small bulk and, 
on account of the ground peanuts, of porridgy consistency. For these 
reasons it began to enter the intestine in considerable amount between 
a half and hours after ingestion as is apparent from the rising meta- 
bolism and the dip in the R.Q. at 1^ hours. That the diet was being 
oxidised during this period is proved by the high R.Q. at the first hour, 
•88. This is an increase of *10 over basal, which is too great to be attri- 
buted entirely to the effect of gastric secretion since the corresponding 
increment after the bigger and more albuminous protein diet was -11. 
The R.Q. of *88, therefore, was partially the result of oxidation of the 
carbohydrate of the diet. Fermentation could not have gone as far as 
the production of bodies with a low R.Q. within an hour, so that the 
carbohydrate metabolite oxidised must have been glucose split off from 
unfermented starch. 

IV 

All the curves of the fermentation heat are roughly similar in general 
outline. The sharp initial rise is imdoubtedly due to mechanical stimu- 
lation of the musculature of the rumen and stomach by the ingested 
food. Since the rise is sharpest after the protein diet and next sharpest 
after the fat diet, which was next richest in nitrogen, the intensity of 
the peristaltic activity is related to the nitrogen content of the diet. 
That the accumulated gas was excreted more gradually and slowly 
after the mixed and carbohydrate diets is proved by the plateau in the 
one curve and the slow fall in the other after the initial rise. 

From 2| to 3 hours after the respective diets the fall in the fermen- 
tation heat curve is succeeded either by a check in the fall or by a rise. 
This indicates that gas commenced to be evolved from the fermenting 
food at this time. Owing to the activity of the stomach at this stage 
the gas could not accumulate but was excreted. The succeeding peaks 
on the curves indicate temporary exacerbations in the activity of the 
stomach as it is expelled with masses of food into the duodenum. It is 
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easy to imagine that, when the stomach expels a mass of food, some gas 
is eructated from the rumen at the same time. In this connection it is 
significant that there is a peak on the metabolism and fermentation heat 
curves at 4 hours after the carbohydrate diet, and two on the fermen- 
tation heat curve of the fat diet, at the third and fourth hours, which are 
followed by peaks at and hours on the metabolism curve. The 
half-hour’s delay in the metabolic response in the case of the fat diet is 
most probably due to the time required for the passage of absorbed fat 
into the blood via the lacteals and thoracic duct. The low R.Q. from 
the fourth to the fifth hour seems to strengthen this view. The com- 
parative evenness of the metabolism curve of the protein diet from 
2| hours and of the fermentation heat curve of the same from three hours 
appear to indicate that protein food causes the stomach to expel its 
contents in a small steady stream. Incidentally, the steady and even 
rise in the metabolism curve of the protein diet contrasted with the 
irregularity and more rapid falling off in the carbohydrate curve show 
that protein metabolites have a more lasting and cumulative effect, 
whereas carbohydrate metabolites have a transient effect, on heat pro- 
duction. 

It will be evident that the rate of excretion of fermentation gas is 
not a measure of the rate of fermentation until 2 J to 3 hours after food, 
and that thenceforward it is only an approximate measure; for, as 
observed, the expulsion of masses of food from the stomach causes gas 
to be excreted more rapidly than it is formed. 

It will be noticed that in the first investigation the ante partum R.Q. 
is on the whole on a higher level than the post partum R.Q., and that 
the ante partum fermentation heat rate is lower than the post partum 
rate. These findings substantiate the views expressed in an earlier 
paper ( 3 ). 

Conclusions, 

1. The changes in the rate of metabolism of the ruminant due to 
food are different from those of omnivora and carnivora. 

2. After ingestion of a meal of 400 grams or more the metabolism 
of the goat increases after half-an-hour to a level which remains fairly 
steady for two hours. It is suggested that this initial increment is due 
to stimulation of metabolism by a nervous or hormone mechanism 
activated by the food. 

3. A secondary increase in metabolism commences at 2J hours after 
a meal of sufficient size. This signifies the commencing absorption in 
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significant amount of the ingested food. After a meal of small bulk 
and weight the initial increment only lasts for about half-an-hour. In 
this case the secondary increment is superimposed on the initial incre- 
ment an hour after ingestion, thus indicating considerable oxidations of 
the ingested meal at this time. 

4. As in omnivora and carmvora: (1) protein food has the most 
pronounced and most lasting effect, (2) fatty foods have a lesser but a 
lasting effect, (3) carbohydrates have a comparatively small and tran- 
sitory effect, on the heat production of the goat. 

5. The rise and the subsequent fall that occur in the R.Q. soon after 
food ingestion are associated with the secretion of the digestive juices. 
These changes are most marked after protein food. 

6. Fermentation sets free soluble bodies which have a low R.Q. on 
oxidation. Concentrates ferment more extensively than mixed rations 
and carbohydrates more than other concentrates. A small meal of con- 
centrates loses less available energy by fermentation than a large meal 
of concentrates. Gas begins to appear in the fermenting food about 
three hours after ingestion. Up till this time gas formed from the previous 
meal is for the greater part being excreted. This excretion of gas is 
the result of mechanical stimulation of the rumen and stomach by the 
ingested food. From about the third hour the rate of excretion of gas is 
only an approximate guide to the feimentation heat rate; the former 
increases out of proportion to the latter when the stomach expels food 
masses into the intestine. 
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STUDIES IN THE METABOLISM OF THE RUMINANT 
BY INDIRECT CALORIMETRY. 

V 

THE COURSE OF METABOLISM AFTER FOOD IN THE GOAT. 

By H. E. MAGEE and J. B. ORR. 

(From the Rowett Institute, Buckshurn, Aberdeen.) 

(With one Figure in the text.) 

The nearest approach obtainable to the true basal metabolism of an 
animal is “the metabolism corresponding to the minimum functional 
activity'’ {Krogh(i)). The two conditions essential for the determina- 
tion of this metabolism, commonly, but erroneously termed “basal,” 
are complete muscular rest and the j>ost absorptive state. In all animals 
the first condition is unattainable, unless recourse is had to drugs; but 
by training and an invariable routine a state of muscular activity that 
is, for all practical purposes standard, can be secured. In omnivora 
and carnivora the post absorptive state is reached 12 hours after the 
last food, but there are no published records to show when it is reached 
in ruminants. The absence of such experimental records in the literature 
provided the necessity for this investigation, the chi^f objective of which 
was the determination of the time of the onset of the post absorptive 
state in the goat. 

The Experiments. 

The animal, the same as had been employed in the earlier studies 
of this series, was in excellent condition when the work was begun. 
A liberal mixed ration of 2526 calories was given daily in a pre-period 
of three weeks during which time the basal metabolism was estimated 
almost daily. 

During the experimental period of 84 hours no food was given, but 
water was allowed ad lib. The animal displayed no anxiety for food 
and appeared to be quite comfortable. The environment was warm 
and quiet. Secretion of milk diminished but slightly. Cudding was 
observed for the last time at 41 hours after food. 

On 30. X. 23 at 5 p.m. the usual evening feed was given, and at 
6 p.m. the remains of the meal, about 350 grams of straw, were removed. 
Metabolic determinations were begun at 6 a.m. the following day, i.e. 

40—2 
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12 hours after the last food and continued throughout the experimental 
period. Three samples of expired air of 10 to 12 minutes duration were 
collected at each interval except the last three at which, owing to 
diminished ventilation, duplicate samples of 15 minutes duration were 


obtained. 



Table I. 





Tissue 


Fermentation 




Time after 

heat in 


heat in 




last food 

calories 


calories 




in hours 

per hour 

Average 

per hour 

Average 

R.Q. 

Average 

12 

60-9 


3-71 


•842 


n 

49-2 

49-6 

3-70 

3-83 

•761* 

•84 

ff 

48-7 


4-09 


•830 


18 

42-2 


1-67 


•786 


ft 

44-3 

43-1 

2-13 

1-63 

•791 

•80 

»f 

42-9 


108 


•811 


24 

39-7 


1*09 


•767 


>) 

39-4 

39-3 

•97 

•92 

•743 

•76 

ft 

38-7 


•70 


•761 


30 

36-4 


M5 


•722 


ft 

37-6 

36-8 

•76 

•98 

•781 

•74 

t* 

36-3 


1-02 


•716 


36 

35- 1 


•68 


•726 


ft 

38-0 

38-0 

•49 

•57 

•768 

•72 

»* 

41 0 


•56 


•693 


42 

40-9 


•41 


•666 


ft 

39-4 

39-4 

•44 

•42 

•677 

•67 

ft 

38-0 


•44 


•666 


48 

34-1 


•26 


•701 


tf 

36-8 

37-1 

•37 

•39 

•666 

•67 

ft 

40-3 


•63 


•649 


54 

34-9 


•37 


•669 


»» 

36-6 

36-6 

•39 

•37 

•693 

•68 


38-4 


•34 


•686 


60 

33-8 


•29 


•690 



36-2 

34-6 

•50 

•36 

•674 

•68 


34-9 


•29 


•680 


66 

39-1 


•36 


•646* 


ft 

380 

38-2* 

•26 

•30 

•672 

-66 

»f 

37-4 


115* 


•669 


12 

»» 

34-3 

37-3 

35-8 

•77 

•77 

•77* 

•667 

•656 

-66 

78 

28-0* 


•20 

•28 

•740* 

•67 

»» 

370* 


•36 

•673 

84 

34-1 

30-6 

32-3 

•18 

•33 

•26 

•642 

•690 

•67 


Average pre-period, tissue heat 

45*7 cals, per hour. 



fenuentation heat 2-55 
K.Q, -78 


♦ Rejection. 

The mean values for the experiments of the pre-period were found 
and then the three (or two) values for each six-hourly interval were 
tabulated and averaged (see table). Unfortunately a complete series of 
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results was not obtained. A few had to be discarded on account of the 
behaviour of the animal or mishaps in the technique. Ctirves were 
plotted, the time after food being the abscissae and the average values 
for the tissue heat, B.Q., fermentation heat, respiration rate and weight 
the ordinates. The appropriate values obtained in the experiments of 
the pre-period were taken as the starting point of each curve. 





Time after food in honrs 


Fig.l. 


■8 


■7 


•6 


The Results. 

After consideration of the results in the table and of the graphs the 
following points will become evident. 

1. There are peaks at 12 hours after food on the curves of the tissue 
heat, R.Q., and fermentation heat. The starting points on these curves 
ate the average values in the pre-period which relate to a time 15 hoiu-s 
afibr the last food. The values at the 12th hour, therefore, were obtained 
thr^ hours earlier after ingestion of the same evening meal minus 


Calories per hour 
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350 grams of straw. The increase in the R.Q. from *78 to *84, signif 3 ring 
increased oxidation of carbohydrate, would seem to indicate that the 
increase in metabolism is attributable to the three hours priority in the 
12th hour experiments. Similarly, the increase in the fermentation heat 
rate might be accounted for. It may be, however, that the removal of 
the 350 grams of straw compensated for the three hours priority, so 
that some other factor may have been responsible. Kunde(2) observed 
an increase in metabolism above “basal” in the early days of fasting 
which disappeared if the stomach were filled with inert indigestible 
matter. Kunde attributed the increased metabolism to reflex excitation 
of muscle tonus by hypertonic contractions of the empty stomach. Since 
the rumen very probably contained less bulk at the 12th hour than when 
the experiments of the pre- period were carried out, it is possible for the 
increase in metabolism and in the fermentation heat to be partially 
accounted for by hypertonicity of the rumen and stomach. 

2. The metabolic rate after falling rapidly from the 12th to the 
30th hour rises through the 36th hour to a peak at the 42nd and then 
falls rapidly again. This sudden increase in metabolism was undoubtedly 
due to oxidation of the remains of the last food, since cudding was 
observed for the last time at the 41st hour. As has been pointed out in 
a former paper (3) the oxidation of the products of fermentation give a 
low R.Q. so that the sudden drop in the R.Q. at the 42nd hour appears 
conclusive evidence that the rumen and stomach were completely evac- 
uated at this time. The fost absorptive state, therefore, was reached, and 
true fasting commenced, between 42 and 48 hours after food. 

This finding has an important bearing on some of the earlier studies 
in this series. All the earlier “basal” determinations were generally 
carried out 15 hours after the last food. This investigation shows that 
some food must have been present in the rumen when these determina- 
tions were made. The state of digestive activity of the animal, like the 
state of muscular activity was, however, kept fairly constant by imvarying 
diets and fixed times of feeding. Obviously, the standard metabolism 
obtained under these conditions is considerably higher than that ob- 
tainable in the post absorptive state as the above results show. Thus 
the pre-period value, which is “basal” in the sense attached to this 
term in earlier investigations, is 8*6 calories per hour or 23 per cent, 
higher than the value in the post absorptive state, i.e. at 48 hours. But 
as the standard, or “ basal,” metabolism was constant throughout each 
investigation the comparative value of the results was not impaired. 

In an earlier paper (3) it is suggested that the initial increase in 
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metabolism after food ingestion is attributable to nervous or hormone 
stimulation of cell activity. The above findings, however, raise the 
question as to the exact r61e played by the food that was already in 
the rumen when the various foodstuffs were administered. Did it alone 
produce the initial increment in metabolism, or, having become mixed 
with the incoming meal, did it remain in the rumen for a time facili- 
tating the fermentation of the newly ingested food ultimately to contri- 
bute towards the specific dynamic action of the latter? The second 
conception of the course of events, which involves the operation of some 
such factor as hormone stimulation, is the most probable. The other is 
unlikely for the following reasons. 

{a) The initial increment in metabolism varied according to the 
nature of the food just ingested, being greatest after protein food. 

( 6 ) There was insufficient time between the administration and the 
ingestion of the food for the residue in the rumen to be expelled into 
the duodenum in order to be absorbed; for thus only could the latter, 
as a separate entity, influence metabolism. 

(c) The caloric value of the contents of the rumen cannot have been 
high enough to produce such a large increase in metabolism which 
amounted to 14*6 per cent, in the case of the protein diet. 

3. The R.Q. from the commencement of the jpost absorptive state 
until the 84th hour remained at an average level of *67 and the excretion 
of fermentation gases during the same time decreased very slowly and 
had not ceased at the 84th hour. In other words when the animal was 
drawing upon the reserves within its own body for sustenance the R.Q. 
was below that of fat oxidation and fermentation gases continued to be 
excreted for over 36 hours after their source had been cut off. These 
results open up two questions : (a) whether any gas was absorbed from 
the rumen and excreted via the lungs and {h) whether the fermentation 
ratio of Krogh and Schmit- Jensen ( 4 ), on which the adaptation of this 
technique to the goat is based, is too high. 

(a) Fries, discussing the uncertainty of the R.Q. in ruminants ( 5 ), 
considers it very probable that some gas is absorbed from the rumen 
and excreted via the lungs. He cites Zuntz and Lehman as having found 
CH 4 in the expired air of the horse in which fermentation of food occurs 
chiefly in the colon. There are, hpwever, no records of experiments 
that deal with the absorption of fermentation gas in ruminants. In this 
investigation the fermentation heat rate at the 84th hour, 0*25 calorie 
per hour, is equivalent to the excretion of 56*6 c.c. of gas in a collecting 
period of 15 minutes. This amount is too considerable to be entirely 



624 Metabolism of the Ruminant by Indirect Calorimetry 

accounted for by absorption. If, in the fasting animal, fermentation 
gases were absorbed to an appreciable extent, the more soluble gas, 
COg, would disappear more rapidly than CH4; so that the actual ratio^ 
in which these gases were being excreted, would be higher in the early 
hours of fasting and lower in the later hours than the ratio employed in 
CO 

the calculation, viz. = 2-6. Consequently, in the calculation, which 
0114 

has already been explained in detail (Orr and Magee (6)), the volume of 
COg attributed to fermentation would be too small in the early hours 
of fasting and too big in the later hours. There would thus be attributed 
to tissue metabolism too much COg in the former case and too little in 
the latter, so that in the early hours of fasting the calculated R.Q. 
would be too high and in the later hours too low. But, since the R.Q. 
in this investigation remained almost steady from the commencement 
of true fasting, it is extremely improbable that any considerable amount 
of gas was absorbed into the blood stream and excreted by the lungs. 

CO 

(b) If the fermentation ratio of Krogh and Schmit- J ensen, “ 2-6, 

CXI4 

were too high the R.Q. calculated by means of it would be too low. 
Thus the low R.Q. from the 42nd hour onwards could be explained. 
The ratio was based on the results of many carefully planned experi- 
ments carried out in vitro to study the fermentation of the rumen 
contents of slaughtered cattle. The cattle had previously been fed on 
roughage and it is just possible that had they been fed on concentrates 
in addition a lower ratio might have been found. The ratio of Mollgaard 
CO 

and Andersen (7), gg = 2-8, is a little higher. It was obtained by experi- 
ments on the living cow fed on roughage, concentrates and roots. If 
one employed this ratio instead of 2‘6 in the calculation the R.Q. would 
be lowered by about *003 ; so that it would not be appreciably altered. 
The low R.Q. therefore, seems to indicate that both ratios are probably 
a little too high but that Krogh’s is a nearer approximation to the truth. 

Another possible explanation is that decomposition of the contents 
of the large intestine during the fast gave rise to oxidisable products 
with a low R.Q. This seems the most probable interpretation; but owing 
to the lack of experimental data that would throw light on this question 
a definite conclusion cannot be arrived at. 
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SUMBfARY. 

The post absorptive state commences in the ruminant between 42 
and 48 hours after the last food. If food is ingested before this time it 
becomes mixed with that already in the rumen and its decomposition 
by fermentation is thereby accelerated. The metabolism at 15 hours 
after the last food is about 23 per cent, above that in the post absorptive 
state. For about 36 hours after the commencement of the post absorptive 
state the R.Q. remains below that of fat oxidation and fermentation 
gases still continue to be excreted. Reasons are suggested by way of 
explanation for these phenomena in the causation of which absorption 
of gas from the rumen does not appear to play any appreciable part. 

Note. The authors regret that it is not at present possible to con- 
tinue further this series of investigations. Many of the views put forward 
in this and the preceding study are more in the nature of suggestions 
for further research than definite conclusions, and it is believed therefore, 
that research along the lines indicated would be well repaid. The authors 
hope that it may be possible at some future time to resume these studies. 
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THE FORM OF MECHANICAL COMPOSITION 
CURVES OF SOILS, CLAYS, AND OTHER 
GRANULAR SUBSTANCES. 

By G. W. ROBINSON, M.A. 

{University College of North Wales, Bangor.) 

(With Two Text-figures.) 

In an earlier paper by the present writer (i), describing a new method 
of mechanical analysis, allusion was made to the use of curves for ex- 
pressing the mechanical composition of soils or clays. The curves, 
examples of which were given, were made to show the relationship 
between summation percentages and logarithms of settling velocity in 
water. Since the publication of the paper in question, the writer has 
examined a large number of soils and other materials by the new method 
and drawn their curves. A consideration of these curves has revealed 
certain regularities which will be discussed in the present paper. 

Materials used and method op working. 

It is of course impossible to reproduce more than a selection from 
the large number of curves which have been obtained. Typical examples 
are however given in the diagrams. The experimental points were ob- 
tained by the writer’s method^ which, as pointed out in the earlier paper, 
enables a wide range of particle size to be examined with comparatively 
little trouble. It may be mentioned that in the case of data obtained 
for long settling periods, the suspensions were kept in stoppered bottles 
in dark cupboards at reasonably constant temperatures in order to avoid 
disturbances by radiation and convection currents. 

The following are the particulars of the soils and other materials 
whose compositions are given in the diagrams. 

Diagram I. (a) London Clay. 

(6) Kaolin. 

(c) Powdered Slate. 

{d) Powdered Felspar. 

(e) Powdered Diorite. 

* Since the publication of the former paper it has appeared that the period of shaking 
recommended, 2 to 4 hours is not always long enough. A period of 12 to 18 hours is 
probably safer if complete dispersion is to be effected. 
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Diagram 11. (a) 

( 6 ) 

(c) 

id) 

ie) 

Diagram III. (a) 

(h) 

ic) 

id) 
Xe) 

Diagram IV. (a) 
(h) 
. (c) 

(d) 


Carboniferous Limestone Clay, Bangor. 

Subsoil Clay, Harpenden, Herts. 

Alluvial Subsoil Clay, Denbighshire. 

Lias Soil, Glamorganshire. 

Boulder Clay Subsoil, Carnarvonshire. 

Palaeozoic Silt Loam Subsoil, Denbighshire. 

Ditto Ditto another sample. 
Boulder Clay Subsoil, Anglesey. 

Glacial Loam, Bangor. 

Subsoil, Anglesey Medium Loam. 

Average Comp. Palaeozoic Silt Loam Soils. 

Ditto Ditto Subsoils. 

Average Comp. Anglesey Medium Loam Soils. 

Ditto Ditto Subsoils. 


It should be explained that the data represented in the diagrams 
refer to ignited weights. In ordinary soils and clays, therefore, the 
curves can never reach 100 per cent. The deficit represents hygroscopic 
moisture and less on ignition. Since any point on the curves gives the 
percentage of material having a settling velocity less than that of the 
corresponding log v of the abscissae, the percentage of material in any 
range can be found from the difference between the corresponding 
ordinates. For example the percentage of ‘‘fine silt” is given by the 
difference between the ordinate corresponding to log v = 4-0000 and the 
ordinate corresponding to log v = 2-0000. 

The curves are shown in the four diagrams of Fig. 1. We shall now 
proceed to discuss certain regularities which are brought to light from a 
consideration of these and other curves. 


Smoothness of mechanical composition curves. 

In the first place, the tendency of the experimental points to lie on 
smooth curves may be remarked. That this is not a consequence of the 
small number of observations made is supported by the results obtained 
where experimental points are taken fairly close together over the range. 
It is seen that comparatively little “smoothing” is necessary to obtain 
very satisfactory curves. This is the case with a large number of curves 
in addition to those shown in the diagrams. It would seem therefore 
that if the results of a mechanical analysis be set out in the form of 
curves of this kind, interpolation can be safely used to obtain inter- 
mediate points. A comparatively small number of determinations are 
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thus required to characterise the mechanical composition of a soil or 
clay. Greater detail is of course required for materials of mixed origin 
as for example, certain alluvial deposits. 



log 765432 To 12 6543210123 

Lv 0 0 10 20 30 4 0 5 0 6 0 7 0 80 9 0 0 0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 


Fig* 1. Mechanical composition curves. 

A recognition of these regularities will be helpful in view of the large 
number of different systems of grading used in different countries^. 
Since the separation of fractions is generally based on settling velocities 
in water, where these are known, conversion from one scale to another 
by interpolation is possible. For example in a recent investigation of 
two soils from Holland, kindly supplied by Dr D. J. Hissink for another 
purpose, mechanical analysis was first carried out using the English 

1 This has already been mentioned by C. L, Whittles, Jmm, Agric. 8ci, 1922, 12, 164 
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conventional scale. From the curves obtained, the values on the 
‘^Atterberg” scale were obtained by interpolation and were found to 
agree to -5 per cent, with the values obtained experimentally on that 
scale. 

Form of curves. 

The actual form of the curves obtained is worthy of notice. Con- 
sidering the curves for ordinary soils and clays, it is found that they 



Fig. 2. PrincipeJ types of mechanical composition curves. 


show one general type with two sub-types. For illustration of these 
types, three curves are shown in Fig. 2. The principal type, to which 
the great majority of soils belong, is exemplified by curve A. It is a 
sigmoid with the point of inflection corresponding to the steepest part 
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of the curve. This portion represents the fraction present in greatest 
amount. A curve showing the relationship between dLXjdlogv and 
log V, obtained graphically from the summation curve, gives an idea of 
the relative frequency of the material in different parts of the range. 
The fraction corresponding to the steepest part of the summation curve 
and to the maximum on the differential curve may be termed the ‘‘ modal 
fraction'' of the material. In the case of the soil represented by the 
summation curve A and by the differential curve a, the modal fraction 
is at log V = 2*5000 which in the English scale is slightly above the lower 
limit of the fine silt. The modal fraction can of course be readily found 
from inspection of the summation curve without drawing the differential 
curve and may be a useful single value for classification purposes. 

It is desirable in any system of grading to be devised to use equal 
logarithmic intervals. This is the case in the Atterberg scale where the 
successive limits are 2 — 0*2 — 0*02 — 0*002 mm. The approximate 
position of the modal fraction is then shown directly. The writer would 
prefer log v = 5*0 — 3*0 — 1*0 — 1*0 as successive limits. 

Two variants of the main type were encountered. In the first place 
certain very heavy clays, as for example that characterised by curves 
B and 6, appear to have the lower portion of the sigmoid suppressed, 
so that the modal fraction falls at the lower limit. This was found to be 
the case for two Carboniferous clays and for a clay subsoil from Trinidad. 
It would appear that in the case of other clays, this type of curve would 
be obtained but for a small admixture of coarser material. Such a case 
s given by curve II 6. 

In the case of certain materials which have been reduced to powder 
by mechanical grinding, as for example slate powder, represented by 
curves C and c, the modal fraction appears to be at the upper limit. 
It is also to be noticed that the range of particle size is not so extended 
as in the case of soils and clays. 

Composite curves. 

Besides the curves belonging to the types above described, there are 
some curves, as for example II b and II e, which seem to represent 
composite materials. These curves have been encountered in mixed 
drifts, and alluvia in which successive strata have been mixed together 
in the sample. 

Certain cases in which material of uniform origin give composite 
curves may be specially considered. There occur in North Wales con- 
siderable tracts of soil in which large proportions of partially disinte- 
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grated rock are present. Such soils are “immature” soils in the early 
stages of development from Palaeozoic rocks. They are soils in which 
the decomposition has been mainly mechanical and this is reflected in 
the high proportions of fine gravel, particularly in the subsoils. The 
curves for such soils show a second steep portion near the upper end, 
suggesting a second modal fraction. But as the upper limit is artificial 
on account of the removal of material coarser ftian 3 mm., it is probable 
that if all the material were included, the complete curve would consist 
of two successive sigmoid portions. In Diagram IV, the average com- 
position of soils and subsoils of two of the principal soil types of North 
Wales are shown. Both the Silt Loams show the steep portion at the 
upper end, and there is a suggestion of it also in the subsoil curve for 
the Anglesey Medium Loam. 

It is possible that for such soils the upper limit for soil might be 
more appropriately taken at 1 mm., thereby eliminating the coarser 
material which consists of gravel and rock fragments. This does not 
imply that the coarser material is to be neglected. It may, however, be 
convenient for some purposes to study the two classes of material 
separately. 


Lower limit of particle size. 

The form of the curves shown in the present paper suggests that the 
lower limit in the case of ordinary soils and clays is in the region of 
log V = 7-0000 and there is no indication in any of the curves examined 
of a limit below this. On the other hand, in the case of kaolin and the 
mechanically disintegrated powders, the lower limit seems to be in the 
region of log v == 5*0000. The conclusion reached as to the lower limit 
for ordinary soils and clays is in fair agreement with the conclusions 
reached by Whitney (2) and implied in a recent paper by Thomas ( 3 ). 

The case of kaolin merits special discussion. This material contains 
a considerable proportion, about 24 per cent., of clay on the conven- 
tional English scale. On the Atterberg scale it would show about 35 per 
cent, of clay. It is not however a typical clay and is devoid of plasticity. 
The lower Kmit for this material seems to lie, as mentioned above, at 
about log V ^ 5*0000. May it not therefore be desirable to take the 
limit for clay at this point in order to show up more clearly the difference 
between plastic substances and materials which, although in a fine state 
of division, lack the characteristic properties of clays? 
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SUOGESTED METHOD OF EXPBESSIHO PARTICLE SIZE. 

We shall probably err in assuming that the small settling velodties 
at the lower end of our curves can be translated into terms of particle 
size by the application of the Stokes formula. As was shown in the former 
paper, the presence of a gel coating would materially affect the settling 
velocity of the smallest particles. For this reason, the writer would 
again urge the desirability of distinguishing fractions simply on the 
basis of tWr settling velocities, thereby avoiding a hazardous assumption 
as to the validity of Stokes’ law over the whole particle range. 

The use of the logarithm of the settling velocity has appeared to be 
a convenient solution. It must be admitted, however, that there is a 
disadvantage in the use of negative logarithms. Since the lower limit 
of particle size appears to be at log v — 7*0000, it is tentatively suggested 
that this point should be taken as zero, in other words that log (v x lO'') 
should be substituted for logo. This suggests, on the analogy of the 
use of pH as a measure of hydrogen-ion concentration, that Lv might 
be used as a symbol to indicate settling velocity and, by inference, 
particle size. This is illustrated by the following equivalents: 


log V Lv 

Lower limit 7-0000 0-0000 

Suggested clay 5-0000 2-0000 

English clay i-0000 3-0000 

Atterberg clay 1-6506 3-6506 

English fine silt 2-0000 5-0000 

English silt I -0000 6-0000 


There is of course the objection that the property which it is sought 
to measure by mechanical analysis is particle size and that in spite of 
using settling velocity as an equivalent, there will always be the ten- 
dency to calculate back to terms of particle size. This is admitted to be 
justifiable over a large part of the range of particle size. But the un- 
certainty as to the validity of Stokes’ formula occurs in that part of the 
range which is of the greatest importance from the point of view of 
actual physical properties. At the lower limit, particle size is as much 
an abstraction as logarithm of settling velocity. With regard to the 
use of the term ‘'equivalent diameter” or its logarithm, it appears to 
the writer that there can be no objection to such a term as long as it 
is realised that it is an abstraction. On the whole, however, it is probably 
better to avoid the use of any expression which tends to obscure an 
uncertainty. 
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Summary. 

1. The mechanical analysis of a number of soils, clays, and other 
granular materials has been carried out by the writer’s method and the 
results have been set out in the form of curves showing the relationship 
between summation percentages and logarithm of settling velocity. 

2. The curves obtained are smooth. This suggests that all the 
necessary information as to the mechanical composition of a material 
can be obtained by using a relatively small number of experimental 
points and drawing the appropriate curve. Results obtained on one 
scale can readily be transferred to another scale by interpolation. 

3. The most common type of curve is a sigmoid. The steepest 
portion of the curve represents the fraction present in greatest frequency. 
This has been termed by the writer the modal fraction. Two sub-types 
were found. In the case of certain heavy clays, the modal fraction appears 
to be at the lower end of the curve, whilst in the case of materials 
mechanically disintegrated the modal fraction is at the upper limit of 
particle size. 

4. Composite curves are obtained in certain cases. They may re- 
I)resent mixtures of different materials, or soils in the earlier stages of 
formation from rock. 

5. The lower limit of particle size appears to be represented by 
log y = 7 ‘0000 in the case of normal soils and clays. In the case of 
certain finely divided but non-plastic materials, the lower limit appears 
to be in the region of 5-0000. It is suggested that a better picture of 
the properties of soils would be obtained by taking the limit for clay at 
this point instead of at log v = 4-0000. 

6. The use of the logarithm of settling velocity as a measure of 
particle size is discussed and it is suggested that the use of negative 
logarithms might be avoided by using log (v x 10’), for which the symbol 
Lv is proposed. 
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ON THE MEASUREMENT OF HYDRION CONCEN- 
TRATION IN SOME DAIRY PRODUCTS BY MEANS 
OF BIILMANN’S QUINHYDRONE ELECTRODE. 

By VERA LESTER. , 

{From the University Institute of Hygiene^ , Copenhagen.) 

(With Three Text-figures.) 

It has hitherto been rather a difficult matter to measure the hydrion 
concentration in milk, cream, buttermilk and whey. 

By the colorimetric method it is necessary to dialyse the electrolytes 
of the fluid through a parchment- or collodion-membrane and then 
measure the reaction in the clear dialysate. The parchment-dialysis 
requires a long time and if it is not done at low temperature and with 
strict precautions to prevent bacterial infection, the fluid will be altered, 
frequently forming acids. The dialysis through collodion sacs no doubt 
takes place rather quickly (equilibrium in about 30 minutes), but it 
takes a long time to prepare the sacs, and they are not very strong. 
The dialysis technic is however subject to a systematic error — although 
a small one — caused by the Donnan-effect, and moreover the colori- 
metric estimations cannot always be made with sufficient exactitude. 

When analysing by the platinated hydrogen electrode a Hober- 
Hasselbalch electrode vessel with fixed hydrogene-atmosphere has to 
be used and it has to be shaken because of the carbon dioxide contained 
in the fluid. This method has many sources of error and is rather 
troublesome. In some cases it will take several hours to obtain a 
constant potential, and as the reaction of the milk is changed by being 

^ The researches which have given rise to this paper were ootumenced at the University 
Institute of Hygiene at the instigation of L, S. Fridericia, Prof., Dr. med., I therefore 
wish to express my feelings of gratitude to the Professor for his kind assistance and 
guidance. 

As however the University does not possess equipipent for electrometric hydrion 
measurements, part of the research has been carried out at the Carlsberg Laboratory, the 
University Chemical Laboratory and the State Serum Institute for which kind assistance 
I am desirous of expressing my gratitude to the Directors of these Institutes; Prof. Dr. phii 
and med. S. P. L. Sorensen, Prof. Dr. phil. £. Biilmann, and Dr. med. Thorvald Madsen. 
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kept, it will from this reason already be desirable to search for a quick, 
easy and exact method and so much more as serial researches may 
prove of interest to the dairy technical as well as to the physician. 

Consequently I tried to apply Biilmann’s quinhydrone electrode. As 
to the theory of the quinhydrone electrode I must refer to Biilmann’s 
publications (i). 

Experimental. 

*I have determined the reaction in full milk, cream, whey and butter^ 
milk. As the measurement in buttermilk requires a special procedure, 
this will be mentioned separately. 


(1) Measure^nent in full milk, cream, and whey. 


Into a small glass beaker is poured 10-20 c.c. of the fluid which is 
to be examined + about 5 ctgr. quinhydrone; after stirring, three smooth 
gold electrodes are put into the fluid together with the siphon-tube from 
a K Cl- bridge, which forms the connecting link with the standard 
electrode. 



Fig. 1. 


41—2 



636 


Measurement of pYl in Dairy Products 


The arrangement is shown in Fig. 1. The glass beaker on the left 
contains the examined fluid of which the hydrion concentration is to 
be measured. The vessel on the right is a Quinhydrone Standard 
Electrode (2) as proposed by Biilmann and Veibel; three smooth platinum 
or gold electrodes in a saturated solution of quinhydrone in n/100 HCl 
which at the same time contains 9/100 gram-mol KCl per litre; the pH 
in this fluid is about 2*03^; an ordinary calomel-electrode vessel filled 
with 3*5 c.c. KCl is placed air-tight on the siphon tube of the standard 
electrode; the siphon-tube of this vessel is drawn out in a thick capillary 
tube which is bent sharply and cut off as shown in Fig. 1. This impedes 
the diffusion of the heavy KCl-solution into the fluid to be measured. 

Instead of the KCl-bridge here described an inverted U-tube filled 
with the ordinary solution of KCl stiffened with agar may also be used ; 
the one end of the tube is then placed in the quinhydrone electrode, and 
the other in a small glass beaker with a solution of 3-5n KCl in which 
the siphon-tube of the standard electrode has also been placed. This 
method was originally described by Michaelis and used for determining 
the hydrion concentration in samples of soil by H. R. Christensen and 
Tovborg Jensen (3). 

The potential becomes constant in the course of less than five 
minutes, and pH is calculated according to the formula 


pH == 2-03 + 


TT volt 
0-0577 


by 18° C., 7r indicating the found potential of the standard electrode in 
comparison with the electrode, which has been measured. 

Ten samples of full milk, ten samples of cream, and ten samples of 
whey have been examined; each sample was measured with the quin- 
hydrone electrode as well as with the platinated hydrogen electrode in 
the Hober-Hasselbalch electrode vessel with three electrodes. 

The results of the measurements are shown in the Tables I, II and III. 
It will be seen that the pH values according to the two methods generally 
differ less than 0-05; but that in each series is a single test where the 
difference reaches 0-10. However it is very difficult to decide whether 
it is the platinated hydrogen electrode or the quinhydrone electrode 
which gives the correct, or the most correct, value. But the difference 
is in any case of no practical importance. 

As the cream is rich in fat and only contains few electrolytes it is 
difficult to obtain a good conductivity in the Hober-Hasselbalch electrode, 


^ According to yet unpublished measurements which Prof. N. Bjerrum has been 
kind enough to communicate to me, the exact value is 2*029. 



V. Lester 


637 


where one is obliged to measure with closed glasscock. This makes the 
measurement inexact. By the quinhydrone electrode this inconvenience 
does not exist. Whey quickly becomes very acid when kept standing, 
up to 0*1 pH unit per hour; consequently the quick quinhydrone 
electrode is much to be preferred to the slow platinated hydrogen 
electrode. 


Table I. Measurements in full milk. 



Quinhydrone 

electrode 

pR 

Hydrogen 

electrode 

pR 

Difference 

(a) 

6*67 

676 

-009 

(6) 

G-66 

6-76 

-0-10 

(c) 

6-67 

6*74 

-0-07 

{d) 

6*67 

6-70 

-003 

(e) 

6-62 

6-67 

-005 

(/) 

6-62 

6-69 

-007 


C-61 

6-66 

- 005 

(h) 

662 

6'65 

-003 

(«■) 

6-65 

6*65 

0 

U) 

6-65 

6-60 

+ 0*05 


Table II. Measurements in cream. 



Quinhydrone 

electrode 

pR 

Hydrogen 

electrode 

pR 

Difference 

(a) 

6*49 

6-55 

~0-06 

W 

6-54 

6-58 

-0 04 

(c) 

6*54 

6-54 

0 

(rf) 

6-54 

6-56 

-002 

(e) 

6-69 

6-62 

-003 

(/) 

6-54 

6-63 

-009 

(l/) 

6-58 

6-66 

+ 003 

w 

6-66 

6-56 

0 

{i) 

6-48 

6-41 

+007 

U) 

6-62 

6-66 

-0 04 


Table III. Measurements in whey. 



Quinhydrone 

electrode 

jpH 

Hydrogen 

electrode 

pR 

Difference 

(a) 

5-77 

5-73 

+ 004 

W 

6-98 

606 

-0-08 

(c) 

6-02 

610 

-008 

W 

601 

605 

-0 04 

(e) 

601 

603 

-002 

(/) 

6-76 

5-78 

-0-02 

to) 

565 

5‘66 

-001 

(A) 

(♦) 

5-53 

5-49 

+ 004 

6-72 

6*62 

+ 010 

to) 

6-75 

6-69 

+ 0-06 


(2) Measurements in buttermilk. 

The caseine in buttermilk is precipitated in larger or smaller clots, 
which will stick to the smooth electrodes making it impossible to obtain 
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a constant potential without taking special precautions. Consequently 
I tried to obtain a clear fluid through filtration, but this procedure did 
not prove satisfactory whichever filter I used, as in the best case the 
filtration took so long time that the reaction had become considerably 
changed. 



Fig. 2. 


However, as the Hober-Hasselbalch platinated hydrogen electrode 
gave constant values when well shaken, the idea lay close at hand to 
try a strong stirring in the quinhydrone electrode to prevent the particles 
from sticking to the metal. The glass beaker in Fig. 1 was then substi- 
tuted by a cylinder glass with an ordinary cork through which was 
inserted three smooth gold electrodes and in the centre a broad glass 
spatula, which was rotated rapidly. Further the cork had a fifth hole 
for the siphon-tube of the KCl-bridge (Fig. 2). 
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By this arrangement constant values were quickly obtained. The 
results are found in Table IV. 


Table IV. Measurements in buttermilk. 



Quinhydrone 

Hydrogen 



electrode 

electrode 



pH 

pH 

Difference 

(a) 

4-68 

4-66 

+002 

(b) 

4-68 

4-66 

+ 002 

(0) 

4-66 

4*70 

-004 

(d) 

4-54 

4*66 

-001 

(e) 

4-61 

4-67 

+ 0-04 

if) 

4-65 

4-61 

+ 0 04 

(ff) 

4-78 

4-76 

+ 002 

(A) 

4-71 

4-69 

+ 002 

(i) 

4-71 

4-69 

+ 0-02 

U) 

4-46 

4-55 

-0-09 


Finally I . shall mention some experiments on titrations of fresh and 
boiled full milk. My idea was to confirm the change in the reaction and 
buffer action by heating. A change in the reaction in alkaline direction 
— up to 0*20 units — has already been described by van Dam (4) and 

later by Milroy(5). S. P. L. Sorensen and E. Jiirgensen observed a 
change in pH by heating serum and egg protein solutions (6). 

The titration has been made by adding lactic acid and the measure- 
ments were carried out simultaneously in two samples of the same 
full milk, the one fresh, the other heated ten minutes in a boiling water- 
bath and then left to cool to about 18^. The titration was made partly 
with constant volume, partly with increasing volume, in the following 
way: 

(а) Constant volume, 80 c.c. milk + increasing quantities of lactic 
acid + water up to 100 c.c. is filled into glass beakers by means of 
pipettes. The reaction in each glsiss is measured as described, and the 
results are shown graphically in Pig. 3, where the pH values are marked 
along the abscissa and the number of millimol lactic acid per 100 c.c. 
fluid along the ordinate. For the most acid reactions it is necessary to 
use ^n lactic acid. 

(б) Increasing volume, 100 c.c. milk is poured into a glass beaker, 
the reaction is measured, the glass beaker is taken away from the 
electrodes — and from a burette some cubic centimetres lactic acid is 
added; after stirring, the glass beaker is put back in its place and the 
potential read — the glass is removed, more acid is added etc. The 
volume is here increased up to 200 c.c. 

With the quinhydrone electrode this titration is exceedingly simple 
and quick to make. 
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Table V. Titration of full milk with lactic acid {constant volume). 

Millimul lactic acid 

Fresh 

Heated 

per 100 c.c. 

pH 

pH 

0 

6*65 

6-63 

2 

503 

5-64 

4 

4-84 

4*84 

10 

3-71 

3-71 

20 

3-20 

3*20 

60 

2*62 

2*64 

100 

2-29 

2-32 

Table VI. Titration of 100 c.c. full milk with lactic acid 
{increasing volume). 

Millimol 

Fresh 

Heated 

( =c.c. \fn lactic acid) 

pH 

pH 

0 

6-66 

6-63 

2 

6-84 

6-86 

4 

611 

610 

8 

4*20 

4-20 

16 

3 51 

3-62 

26 

318 

3*21 

50 

2-77 

2*76 

100 

2-44 

2*46 


o 

10 

20 

30 

40 

60 

60 

70 

80 

90 

100 

Fig. 3. Titration curves for fresh and heated milk. 
I. Constant volume. II. Inereaaing volume. 
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Summary. 

In the above I have shown the result of a series of measurements 
of the hydrion concentration in milk, cream, buttermilk and whey, 
partly employing Biilmann’s Quinhydrone Electrode, partly Hober- 
Hasselbalch’s Hydrogen Electrode. 

The results of the tests agree. 

’ Measurements have also been made in fresh and heated milk. 

By these measurements I found no difference in the reaction or buffer 
action of the fresh and heated milk. 

The Hober-Hasselblach method is rather slow. This is unfortunate 
as the reaction of the dairy products (especially whey) is apt to change 
when kept standing, even for a short time. By this method one also 
runs the risk of too high pH values owing to loss of carbon dioxide 
and it is therefore far from being an ideal one. 

Biilmann’s Quinhydrone Electrode is quick working, easy and simple 
and you avoid the above-mentioned sources of error. It is therefore to 
be preferred for measurements in the fluids in question. It is especially 
well adapted for titrations, as it makes possible a large number of 
measurements in a short time. 
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